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CHAPTER I: GENERAL INTRODUCTION 
1. Introduction 
Phase selection and microstructure formation during the rapid solidification of alloy 
melts has been a topic of substantial interest over the last several decades [1, 2], 
attributed mainly to the access to novel structures involving metastable crystalline and 
non-crystalline phases. .Under large driving forces, many phases and structures are 
energetically permissible, and dynamical processes are free to follow along trajectories 
that may not lead to equilibrium states but, rather, may permit optimum transition rates 
through favorable kinetic pathways. Such pathways may involve the formation of 
metastable crystalline phase, non-equilibrium phase compositions, non-crystalline order, 
and solid/liquid interface structures that give rise to a host of complex sequences. 
Identification of the governing mechanisms and quantification of the relevant kinetics 
are essential steps toward achieving advanced capabilities for prediction and control of 
phase and structure selection under far-from-equilibrium conditions. 
Pd-Si-Cu ternary system is known as one of the best metallic glass forming systems. In 
fact, one of the sub-systems, Pd-Si binary system, is also a good glass former[3], in 
which amorphous phase can be obtained in composition range of 15-23 at% Si using the 
‘gun’ technique or ‘piston anvil’ technique[3]. Turnbull and Chen[4] showed that glass 
phase with thickness from 0.01 to 0.06mm can be prepared in Pd1-x-ySixCuy ternary 
alloys, where 15<x<20 and 0<y<15, by splattering of melt onto a cooling substrate, and 
bulk-size (larger than 1mm) glass phase can be obtained in Pd77.5Si16.5Cu6 alloys by 
dropping melt onto cooling substrate. The glass formation of Pd-Si-Cu system has 
received significant attention and metallic glass can be prepared by various methods.  
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(1). Laser beam irradiation[5]: several alloys of nominal composition of Pd80Si15Cu5, 
assumed eutectic composition in literature, were prepared by slowly cooling from alloy 
liquid and subjected to continuous CO2 laser impinging on moving specimens. The laser 
beam power is 3kW and the surface translation speeds vary between 20 and 200 cm/s. 
The samples after laser beam traversing show three different sections: initial eutectic 
matrix, intermediate zone, and amorphous. The initial eutectic matrix is considered to 
consist mainly of Pd5Si crystal, fine fcc, and some possible bcc-type grains. An 
interesting feature of solidification pattern forming after laser melting is the occurrence 
of a narrow intermediate zone between the initial eutectic zone and amorphous, which 
consists of relatively large crystallites of Pd5Si and fine fcc. The spacing of the eutectics 
in this intermediate zone decreases from initial eutectic matrix. Once the sharp boundary 
is crossed, the material is entirely amorphous. The microstructure evolution and 
schematic are shown in figure 1-1(a). 
(2). Mechanical alloying[6]: two mixtures of pure elemental powder, corresponding 
to nominal composition of Pd77.5Si16.5Cu6 and Pd43.2Si16.8Cu40, were subjected to high-
energy ball milling. An amorphous phase and forms in Pd77.5Si16.5Cu6 after six hours 
milling, while the powder mixture of Pd43.2Si16.8Cu40 consists of Pd2Si crystalline phase 
and Cu(Pd) solid solution phase without any amorphous phase after 16 hours milling.   
(3). Rapid quench of liquid[7]: a Pd77.5Si16.5Cu6 bulk metallic glass with diameter up 
to 6mm were prepared by fluxing and water quenching method, such large size for 
amorphous phase showing this composition has excellent glass forming ability.  
(4). Directional solidification[8, 9]: the transition from crystalline phase to 
amorphous was observed by Boettinger during quenching of thin Pd77.5Si16.5Cu6 alloy-
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filled quartz tubes (0.75mm ID*1.5mm OD*100mm long) in the axial direction from a 
furnace at 1327K to cooling liquid, as figure 1-1b shown.   
The glass phase can be relatively easy to be achieved in the Pd-Si-Cu ternary system 
with two respects: low critical cooling rates (100K/s) for glass formation and large 
critical sizes for glass phase (6mm diameter ball), as shown in Figure 1-2(a)[10]. 
Lee et al[11] reported the temperature dependent behavior of viscosity of 
Pd77.5Si16.5Cu6 measured from 995K to 1183K by capillary flow method, which is well 
described by Vogel-Fulcher equation:  and shown is 
Figure 1-2(b)[12]. It’s indicated that the temperature dependent behavior of viscosity of 
Pd77.5Si16.5Cu6 is similar to that of o-terphenyl, a classical fragile glass former in which 
the diffusivity of liquid is sensitive to the degree of undercooling.  
Despite lots of studies on the glass forming ability of Pd-Si-Cu alloy, very little 
effort has been made to investigate the thermochemical properties and phase equilibria 
for this ternary system. For thermochemical properties, Arpshofen[13] measured the 
mixing enthalpies of Pd-Si-Cu liquid at 1600K. Through adding the third element into 
three different binary bath substances: Pd-Si, Cu-Si, and Cu-Pd, which are kept at 
1600K, they reported three groups of mixing enthalpies of Pd-Si-Cu liquid and analyzed 
the experimental data in the context of association model assuming the existence of 
PdCu2, Cu3Si, and Pd2Si associations. On the other hand, Massalski[14] show some 
preliminary phase equilibria data in Pd-rich part in his work to build the liquid surface. 
A series of Pd-rich alloys are heated into liquid and then slowly cooled to a 
predetermined temperature that is several degrees above eutectic temperature. After held 
at this temperature for couple hours, the samples are quenched into water.  Through 
lnη = −3.764+ 936.543 / (T − 726)
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characterizing the microstructures and phase compositions, the primary and secondary 
phases are identified. Based on these phase equilibria data, Massalski proposed a liquid 
surface on Pd-rich corner, as shown in Figure 1-2c, and several invariant phase 
transitions: eutectic reaction is liquid=Pd9Si2+fcc+ternary phase at Pd80Si15Cu5 and 
three peritectic reactions are liquid+Pd5Si=Pd9Si2+fcc, liquid+Pd3Si=Pd9Si2+ternary 
phase, and liquid+Pd2Si=Pd3Si=ternary phase. The ternary phase is considered as bcc-
type phase extending from Cu-Si binary system, in which bcc phase is a high 
temperature stable phase. 
2. Goal and objective 
For solidification at low cooling rates, alloy systems generally remain very close to the 
equilibrium state. Thus, the solidified phases and structures are reasonably well 
predicted using thermodynamic and kinetic models, and solidification microstructures 
are well studied[1, 2, 15]. With increasing cooling rates, however, solidification 
products may deviate substantially from equilibrium states. How the solidification 
pathway, including selected phases, their compositions, and their collective 
microstructure, all change with the cooling rates is an open question. In this work, we 
use a Bridgeman-type furnace to conduct a directional solidification investigation of Pd-
Si-Cu glass forming alloys, specifically probing the cooling-rate-dependent phase 
selection and microstructure formation. For Bridgeman-type directional solidification, 
cooling rates are easily controlled, and the technique provides a wide range of 
solidification conditions. For Pd-Si-Cu alloys, the available range permits access to 
structures that vary from what is essentially equilibrium freezing to glass formation. 
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Since we aim to learn how the system deviates from its equilibrium state with increasing 
of cooling rate, we have two main tasks in this work.  
First, we develop a general thermodynamic description for Pd-Si-Cu system, with 
which we are able to compute Gibbs free energies for all phases and compositions, 
quantify the energetics of transformations between non-equilibrium states, and construct 
various forms of thermodynamic diagrams enabling prediction and/or assessment of 
high rate transformation structures. However, there are three specific issues that 
represent barriers to the  development of an accurate thermodynamic database: (a) high-
order thermodynamic database should be built on its sub-systems, but current state of the 
Pd-Si phase diagram requires additional work to resolve several ambiguities; (b) the 
crystal structures for some phases with ternary composition remain unknown; (c) 
experimental data for phase coexistence and transitions temperatures are sparse for this 
system.  
Second, we conduct directional solidification in Pd-Si-Cu glass forming alloys with 
different cooling rates. Through characterization of the phases, compositions, and 
microstructures in the solidified specimens at different cooling rates, we use the 
thermodynamic model to provide a comprehensive self-consistent description of the 
solidification pathways. 
Accordingly, the specific proposed objectives are stated as following: 
I) Evaluate the phase stabilities for Pd-Si phase diagram by experimental methods 
and first-principle calculations. Develop an accurate thermodynamic description for 
this binary system; 
II) Identify the crystal structures for the unknown phases with ternary compositions; 
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III), use both experiments and first-principles to evaluate the model parameters to 
develop a reliable and an accurate thermodynamic database for the ternary system; 
IV) Elucidate the solidification path for Pd-Si-Cu alloys over a range of Pd-rich 
alloy compositions and high-rate growth conditions, including details regarding 
phase selection (including metastable phases), morphologies, compositions, 
segregation patterns, coupled growth scenarios, and glass formation. The goal is to 
build a comprehensive description that enables predictive modeling. 
3. Thesis organization  
This dissertation is written based on one published paper and three original manuscripts, 
currently being prepared for submission for publication. Chapter I includes a general 
introduction for Pd-Si-Cu ternary system. In Chapter II, the phase stabilities for Pd-Si 
are investigated with respects of first principle calculation, experiments, and solution-
based modeling to clear the ambiguities in literature. Chapter III shows that the 
compounds with ternary composition mentioned in several papers, such as Boettinger[9] 
and Massalski[14], are actually ordered B2 phase originating from Cu-Pd system and 
disordered bcc phase extending from Cu-Si system. This conclusion is supported by 
principal component analysis, first-principle calculation, and experimental investigation, 
especially the TEM results. The comprehensive thermodynamic modeling for Pd-Si-Cu 
ternary system is developed in Chapter IV. The accuracy of this thermodynamic 
database is ensured by massive phase equilibria data obtained from long duration heat-
treated samples and first-principle calculation.  At last, Chapter V discusses the results 
of phase selection and microstructure formation in directional solidification of 
Pd77.5Si16.5Cu6 glass forming alloys with growth rates ranging from near-equilibrium 
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growth to the glass transition. Chapter VI includes an overall summary and statement of 
conclusions for the work presented in this dissertation. 
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Figure 1-1: (a) TEM imaging and schematics of laser surface melting on Pd80Si15Cu5 
showing three different parts: crystalline matrix, intermediate zone, and amorphous. (b) 
TEM imaging of directional solidification of Pd77.5Si16.5Cu6 showing a transition from 
eutectic growth to amorphous 
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Figure 1-2: (a) Critical cooling rate for glass formation and corresponding maximum 
thickness of glass phase showing Pd-Si-Cu ternary system (represented by solid square) 
is a bulk glass former Key to the alloys: 1Ni, 2Fe91B9, 3Fe89B11, 4Te, 5Au77.8Ge13.9Si8. 4, 
6Fe83B17, 7Fe41.5Ni41.5B17, 8Co75Si15B10, 9Ge, 10Fe79Si10B11, 11Ni75Si8B17, 12Fe80P13C7, 
13Pt60Ni15P25, 14Ni62.4Nb17.6, 15Pd40Ni40P20, 16Au55Pb22.5Sb22.5, 17La55Al25Ni10Cu10, 
18Mg65Cu25Y10, 19Zr65Cu17.5Ni10Al7.5, 20Zr41.2Ti13.8Cu12.5Ni10Be22.5, 21Ti34Zr11Cu47Ni8;; 
(b) Comparison of the dependence of liquid viscosity on temperature for Pd77.5Si16.5Cu6 
with other systems showing its fragile behavior; (c) liquid surface proposed by 
Massalski, superimposed with the glass forming range reported by Chen and Turnbull. 
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CHAPTER II. THE PHASE STABILITIES FOR PD-SI 
SYSTEM: FIRST-PRINCIPLES, EXPERIMENTS 
AND SOLUTION-BASED MODELING 
A paper accepted by metallurgical transaction A 
S Zhou, Y Huo, R. Napolitano 
Abstract 
The relative stabilities of the compounds in the binary Pd-Si system were assessed using 
first- principles calculations and experimental methods. Calculations of lattice 
parameters and enthalpy of formation indicate that Pd5Si, Pd9Si2, Pd3Si, Pd2Si, and PdSi 
are the stable phases at 0 K. X-ray diffraction analyses (XRD) and electron probe 
microanalysis (EPMA) of as-solidified and heat-treated samples support the 
computational findings, except that the PdSi phase was not observed at low temperature. 
Considering both experimental data and first-principles results, the compounds Pd5Si, 
Pd9Si2, Pd3Si, and Pd2Si are treated as stable phases all way to zero kelvin while the 
PdSi is stable over a limited range, exhibiting a lower bound. Using these findings, a 
comprehensive solution-based thermo- dynamic model is formulated for the Pd-Si 
system, permitting phase diagram calculation. The liquid phase is described using a 
three-species association model and other phases are treated as solid solutions, where a 
random substitutional model is adopted for Pd-fcc and Si-dia, and a two-sublattice 
model is employed for Pd5Si, Pd9Si2, Pd3Si, Pd2Si , and PdSi. Model parameters are 
fitted using available experimental data and first-principles data, and the resulting phase 
diagram is reported over the full range of compositions. 
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Keywords: First-principles calculation, thermodynamic modeling, Pd-Si phase diagram, 
CALPHAD 
1. Introduction  
Non-equilibrium effects, such as the formation of metastable crystalline phases, 
deviation from equilibrium compositions, incorporation of crystal defects, and the 
presence of non-crystalline ordering as observed in quasi-crystalline or glassy phases, 
can give rise to unusual properties in materials. Certainly, applications of metallic 
glasses have taken advantage of enhanced mechanical properties associated with non-
crystalline structure, and the promise of many related performance benefits calls for the 
navigation of the far-from-equilibrium energetic and dynamic landscape through 
controlled materials processing and integrated computational materials engineering 
(ICME). Detailed thermodynamic models are needed here. As a minimum, reliable 
solution-based descriptions of Gibbs free energy are required for all phases, 
compositions, and defect structures that may play a role in the relevant transformation 
kinetics and the competition between crystalline and non-crystalline phases in glass-
forming metallic alloys[1-3]. 
Glass formation in metals is not a rare phenomenon, and many non-crystalline alloys 
have been reported to form during rapid cooling from the melt. The Pd-Si-Cu system is 
of particular interest, having been shown to exhibit a transition from crystalline 
solidification to non-crystalline solidification (i.e. glass formation) during directional 
growth at relatively low rates[4, 5]. Indeed, the "bulk glass forming" composition of 
Pd77.5Si16.5Cu6 (at. pct)[6, 7] has been reported to exhibit glass-formation in specimens 
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up to 11mm in diameter[8]. Many intermediate phases have also been observed, but 
their relative stabilities have not been quantified or effectively integrated into a 
comprehensive energetic framework for this alloy system, as is required for an 
understanding of far-from-equilibrium transformations and metastable phase 
competition. As a subsystem of the Pd-Cu-Si system, we focus presently on the Pd-Si 
binary.  For this system, we use experiments and first principles calculations to examine 
relative phase stabilities and then develop a general solution-based thermodynamic 
description of the system. 
The most recent thermodynamic description for the Pd-Si system was offered by Du 
et al.,[9] as summarized by the phase diagram shown in Figure 2-1, providing 
reasonable agreement with conventional thermal analysis experiments[10]. In light of 
recent observations involving crystallization from amorphous solid[8, 11-15], however, 
we presently revisit this system to examine a few specific points that call for 
clarification. The first of these involves the Pd9Si2 phase, which is shown in Du’s model 
to exist only between 1037 and 1073 K. However, experimental observations of Pd9Si2 
phase forming from the glass at low temperatures[8, 11-15] suggest that the stability 
range for this phase might extend to much lower temperatures. The second involves the 
Pd3Si phase, which is shown by Du’s formulation to exhibit peritectic decomposition at 
1337K in Figure 2-1, even though a large body of experimental evidence[16-19] is 
available to indicate that this phase melts congruently and that a eutectic point exists at a 
slightly higher Pd content. Third, Nylund[20] determined that Pd2Si has Fe2P prototype 
on Pd-rich side and a superstructure of the Fe2P prototype on Si-rich side using XRD 
measurements. Massara and Feschotte[10] further investigated the Pd2Si phase using 
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high temperature XRD measurements and suggested that there are three very similar 
crystalline structures formed within the composition ranges 33.3-34.5 at% Si. Based on 
report[10], Du’s[9] model includes three phases of very close composition, centered 
around the Pd2Si composition. However, no specific measurements of composition or 
crystal structure have been reported to substantiate the assertion that there are three 
distinct phases here. In the work reported here, we address each of these three issues and 
provide other specific points of reference with regard to phase stability in the Pd-Si 
system. More generally, by incorporating both first principles calculations and 
experimental results into our semi-empirical approach, we bring further clarity to the 
overall thermodynamic description of this system. 
2. First-principle calculation 
To quantify the relative stabilities of the various intermetallic compounds listed in Table 
1, we compute the zero-Kelvin enthalpies of formation relative to the pure component 
reference states with first-principles approach. The total energy  is computed for each 
phase using the Vienna ab initio simulation package (VASP)[21] code by using the 
potential constructed by the projector-augmented wave (PAW)[22] and the high 
precision generalized gradient approximation (GGA)[23] Brillouin-zone integrations are 
performed using Monkhorst-Pack k-point. The enthalpy of formation for a given 
compound is calculated as the difference between the energy Eθ of the compound and 
the linear combination of the pure element reference state energies, Efcc and Edia where 
 
The calculations were performed for the Pd5Si, Pd9Si2, Pd3Si, Pd2Si, and PdSi phases 
as summarized in Table 1 and plotted in Figure 2-2. Due to a lack of structural 
Eθ
ΔH fθ = Eθ − xPdfccEPdfcc − xSidiaESidia
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information, energies were not calculated for the compounds, Pd21Si4, Pd14Si3 and 
Pd15Si4. The calculated values of and show good agreement with the 
measurements of Meschel and Kleppa =-57.9 kJ/mol and =-64.2 
kJ/mol)[24]. In addition, Figure 2-2 reveals that the phases fcc-Pd, Pd5Si, Pd9Si2, Pd3Sik 
Pd2Si, and dia-Si are stable, though only marginally, at zero Kelvin. Of note here is that 
our calculations suggest that the three phases Pd5Si, Pd9Si2 and PdSi are stable to zero 
Kelvin. Because each of these phases were reported by Du et al. to be stable only over a 
small range of high temperatures, they deserve additional consideration with respect to 
their free energy.  Then we detail several experiment aimed at assessing the relative 
stabilities of these phases. 
3. Experiments 
Test specimens of selected alloy compositions were prepared from the pure elements 
(0.9999 Pd and 0.99999 Si, by weight) by arc melting and direct-chill freezing on a 
copper hearth in an argon atmosphere. Each alloy specimen (∼15 grams) was arc-melted 
5 additional times under argon to ensure homogeneity. As-cast and heat treated (long-
duration) specimens were analyzed using SEM, electron probe microscope analysis 
(EPMA)/wave dispersion spectroscopy (WDS), X-ray diffraction (XRD) and differential 
scanning calorimetry (DSC). The results, summarized in Tables 2 and 3, show that, in 
addition to the two terminal solid solutions, four intermetallic phases exhibit ranges of 
stability. These results are further summarized in Figure 2-1, where the test alloy 
compositions and phase compositions are superimposed on the phase diagram proposed 
by Du et al.[9]. Observations and interpretations are discussed below. 
ΔH fPd3Si ΔH fPd2Si
ΔH fPd3Si ΔH fPd2Si
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Considering first the stability range for the Pd5Si phase, we examine test specimens 
with compositions on either side of the expected range, equilibrated at selected 
temperatures from 988 K to 1093 K. As listed in Table 2, specimens of 14 at% Si (H1, 
H2) yields a fcc/Pd5Si two-phase equilibrium with Pd5Si compositions of 15.9-16.0 at% 
Si (Figure 2-3). Specimens of higher Si content in the range of 16.7-17.7 at% Si (H3-
H5) yields a Pd5Si/Pd9Si2 two-phase equilibrium, with Pd5Si phase compositions of 
16.0-16.4at% Si (Figure 2-5). These results indicate a narrow but finite range of 
solubility for the Pd5Si phase. While based on a relatively small set of data, we note that 
this entire range is well below the expected value of 16.7 at%, indicated by the 
stoichiometry of the Pd5Si phase. Noting that the composition range observed here is 
consistent with the previously reported Pd21Si4 phase[10] for which no structure was 
determined, we assert here that all of these observations are associated with the same 
Pd5Si phase, with stability extending down to 0 K, where a composition of 0.167 is 
expected. These observations, which we employ in our model, differ substantially from 
prior reports, stating that the Pd5Si decomposes through eutectoid reaction either to fcc-
Pd plus Pd3Si at 1001K or to Pd21Si4 plus Pd9Si2 at 1081K. We note further that these 
prior reports are based on differential thermal analysis employing dynamic heating while 
our experiments employ long-duration isothermal heat treatments, more likely to 
approach the equilibrium. 
To examine the upper limit of stability for the Pd5Si phase, a specimen of 14 at% Si 
was analyzed using DSC (specimens D1 in Table 3), and melting was observed at 1088 
K, associated with the Pd5Si+fcc=L invariant. In addition, long-duration heat treatments 
of specimens H3 and H5 yield two- and three-phase equilibria, respectively, as listed in 
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Table 2. While these experiments do not permit the determination of the specific 
congruent melting temperature for the Pd5Si phase, the two bounding three-phase 
invariants at 1088 K and 1091K (See D1 and D2 in Table 3) suggest that Pd5Si stability 
extends only a few degrees higher. 
In a similar manner, the stability of the Pd9Si2 phase was examined using specimen 
com- positions that bracket the stoichiometric value of 18.2 at% Si, as listed in Table 2. 
This phase was observed in the solidification structures arising from arc-melting 
specimens for compositions of 16.7 and 17.7 at% Si (M2, M3). The long-duration heat 
treatment experiments (H3-H11 in Table 2) show the Pd9Si2 phase with an average 
composition of 18.42 (±0.11) and an upper temperature limit of approximately 1091K. 
Heat treatments H7 and H8 show that this phase persists as a stable phase down to 913 
K. Coupled with first principles calculations which shown that Pd9Si2 phase is stable to 
0 K, we take this phase as stable from 0K to 1091K. This is consistent with reported 
observations of Pd9Si2 phase crystallization at low temperature from non-crystalline 
material produced by melt spinning[8, 12-15]. 
In reports[9, 10], the Pd14Si3 phase was deemed to be stable from 0K up to a 
pertectoid reaction at 1068K (Pd21Si4+Pd9Si2→Pd14Si3). Our results, however, clearly 
show Pd21Si4+Pd9Si2 equilibrium (with no Pd14Si3) for an overall composition of 17 at% 
Pd at 1006 K (H4 in Table 2). The corresponding two-phase microstructure and X-ray 
data are shown in Figure. 2-5. In addition, DSC results (D2 and D2 in Table 2-3) for 
compositions of 16.7 and 17.7 at% Pd show no indication of any reaction until high 
temperature decomposition reactions involving the Pd5Si, Pd9Si2, Pd3Si and liquid 
phases. Given that there is no proposed structure for the Pd14Si3 phase, no first-
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principles calculations were performed. With no compelling evidence to suggest that this 
phase is stable under any conditions, we do not consider it further in this work, noting 
that absence as a stable phase certainly does not preclude its observation as a metastable 
phase in practice. 
The Pd15Si4 phase was reported to be stable between 1026K and 1065K. To confirm 
the stability of the Pd15Si4 phase, the Pd-20.0 at% Si alloy was treated at 1038K for 148 
hours (H9) revealing the two phases Pd9Si2 and Pd3Si microstructure as shown in Figure 
2-9 and in Table 2. We conclude that the Pd15Si4 phase reported by Massara and 
Feschotte[10] is not stable and is not considered further in this work. 
The first-principles results in Figure 2-2 show that the PdSi phase is a stable phase at 
low temperature while the experimental investigations[10, 18] conclude that the PdSi 
phase is not stable at low temperature. The experimental data[18] indicate the 
decomposition temperature of the PdSi phase is 873K while those reported by Langer 
and Wachetel and Massara and Feschotte[10] are 1097K and 1161K, respectively. To 
find out the stability of the PdSi phase, the Pd-64 at% Si test alloy was treated at 934K 
for 192 hours (H12 in Table 2-2). Fig. 10(a) shows the microstructure with the 
compositions of the phases listed in Table 2. The XRD data in Figure 10(b) indicates 
that the phases are Pd2Si with Pd2P prototype and dia-Si, respectively, in which dia-Si is 
a primary phase. Therefore the PdSi phase is not stable at temperature below 934K. In 
this work, we adopt the experimental data, i.e. 1097K by Langer and Wachetel [18] as 
PdSi decomposition temperature. According to the report, Pd2Si has Fe2P prototype on 
Pd-rich side. Our results in Figure 10(b) indicate that Pd2Si with Fe2P prototype is 
equilibrium with Si. We conclude that Pd2Si is the only phase near composition xsi 
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=0.333 rather than three phases as shown in Figure 1 [8]. The compounds Pd2Si−I and 
Pd2Si−II shown in Figure 1[8] with closely comparable composition near Pd2Si are 
treated as one phase i.e. Pd2Si with homogeneous composition range. 
The experimental data in Figures 2-(3-10) and first-principles data in Figure 2-2 
indicate that the compounds the Pd5Si(Pd21Si4), Pd9Si2, Pd3Si and Pd2Si are stable all 
way to zero temperature while Pd14Si3 and Pd15Si4 were not observed and thus not 
considered as stable phases in this work. The compound PdSi is confirmed to be stable 
at high temperature. 
4. Energetics and results analysis 
The phase equilibria for the Pd-Si binary system are described here using a standard 
semi-empirical solution-based modeling approach, incorporating experimental data and 
first-principles calculations for parameter evaluation. A total of 8 phases are included in 
the current description, where the liquid phase is described with the association model, 
the fcc-Pd and dia-Si phases are modeled as binary regular solutions, and the 
intermediate phases Pd5Si, Pd9Si2 Pd3Si Pd2Si and PdSi are treated with two-sublattice 
model. The total Gibbs free energy for any phase, φ, is generally given by the sum of 
three contributions 
 
where the subscript, m, indicates that all terms are molar quantities. The first term in 
Eq.2 is the sum of occupancy-weighted sublattice end-member contributions, while the 
second and third terms are the ideal and excess parts of the Gibbs free energy of mixing, 
respectively. The comprehensive thermodynamic model is detailed in Table 4. 
Thermodynamic functions for the pure element states are taken from the Ref. [25], as 
Gmϕ = refGmϕ + idGmϕ + exGmϕ
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listed in Table 5. The model parameters are listed in Table 6, where 21 Gibbs free 
energy of formation parameters (∆G) and 7 binary interaction parameters (0L) are 
established for the Pd-Si system. Parameter evaluation based on the experimental data 
and first-principles data was carried out in a iterative manner, as described briefly 
below. 
The parameter evaluation process was begun by considering the liquid phase. In 
report by Vatolin et al., the XRD method was used to examine the concentration 
dependence of chemical short-range order (CSRO) in liquid Pd-Si alloy, indicating the 
CSRO in liquid Pd-Si is Pd2Si. This corresponds to the crystalline compound Pd2Si with 
maximum melting temperature and the nadir of the enthalpy of mixing of liquid at 
xsi=0.33 show in Figure 2-11. For the Gibbs free energy of mixing in the liquid solution 
phase, a three-species (Pd, Pd2Si, Si) association model thus is employed. With the 
experimental data in reports, the parameters for liquid in Table 4 were evaluated and 
listed in Table 6. The calculated thermodynamic property is in a good agreement with 
experimental data[26-29] in Figure 2-11(a) and (b). The equilibrium associate fractions 
varying with composition (at 1700K) and over a range of temperature (with xsi=0.33) are 
shown in Figure 2-11(c) and (d), respectively, where the equilibrium fraction of Pd2Si 
increases with decreasing temperature. 
The fcc-Pd and dia-Si terminal solid solution phases are treated as simple binary 
substitution solutions with the solution model. The parameters for the fcc phase were 
evaluated with the experimental[18, 19, 30] data as listed in Table 2. The end-member 0 
listed in Table is described as a+  in which parameter a is determined with the first-
principles data in Table 2-1. The intermetallic phases, Pd5Si, Pd9Si2, Pd3Si, Pd2Si and 
0GPdfcc
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PdSi, are described as two-sublattice solid solutions with the form (Pd, Si)m(Pd, Si)n. 
The associated Gibbs free energies are modeled in Table 2-4. Given this formulation, the 
Gibbs free energy of formation  of each of the sublattice end-members PdmPdn, 
PdmSin, SimPdn and SimSin is described with  in this work. The 
compound Pd2Si with maximum melting temperature in the binary Pd-Si system was 
evaluated in next. The parameters , are determined with the first-principles results 
in Table 1 and listed in Table 6. With the experimental melting temperature, the 
parameter was determined and listed in Table 6 while the remainder parameters for 
the end-member were assumed to be zero. The interaction parameter was 
considered to describe the homogeneous range of the γ phase and evaluated with 
experimental data. Similar to the Pd2Si phase, the parameters  were determined 
with the first-principles data in Table 1. For the Pd3Si phase, if the parameter was 
considered only and determined with melting temperature[10, 18, 19], the calculated 
liquidus deviates from the experimental data[10, 18, 19]. The parameter  thus has 
to be considered and is evaluated in Table 6. 
As description in section 2, the first-principles result indicate that the Pd5Si phase 
with the composition 16.7 at. pct Si is stable at zero kelvin while the experimental data 
in section 3 show that the composition of the Pd5Si phase is between 16 and 16.3 at pct 
Si at high temperature. First-principles calculation were not performed for the Pd5Si 
phase with the composition at 16 at. pct Si due to unclear atomic configuration. For 
prospective application, the Pd5Si phase thus is described with the two formulations, 
(Pd, Si)0.833(Pd, Si)0.167 and (Pd, Si)0.84(Pd, Si)0.16, respectively. Three parameter sets 
ΔGim jn
Φ
aim jn
Φ + bim jn
Φ T + cim jn
Φ T lnT
aim jn
Pd2Si
bim jn
Pd2Si
0Lpd,Si:SiPd2Si
aim jn
Pd3Si
bim jn
Pd3Si
cim jn
Pd3Si
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were evaluated for the Pd5Si phase for the formulations (1) (Pd, Si)0.833(Pd, Si)0.167 
marked as µI in which the interaction parameter is not considered; (2) (Pd, Si)0.833(Pd, 
Si)0.167  marked as µII with considering interaction parameters; and (3) (Pd, Si)0.84(Pd, 
Si)0.16 marked as µIII with considering interaction parameters. The parameters aµ k (k=I, 
II, and III) of the end-members except aµIII were estimated with the i:j Pd:Si first-
principles data in Table 1. aµIII was assumed to be equal to the value at xSi = 0.16 on the 
linear combination between ∆Hfcc (=0) and ∆Hf(Pd5Si) from the data in Table 1 as the 
dash-line in Figure 2. The parameter was determined with the melting temperature 
in Tables 2 and 3. As shown in Figure 12(b), the calculated phase diagram shows 
eutectoid and following peritectoid reactions for the phase. According to the conclusion 
in Section 2-3, Pd5Si is stable all way to zero temperature. The parameter thus has 
to be employed. The interaction parameters and of the Pd5Si phase were 
determined with the composition Pd:Pd,Si Pd,Si:Si data in Table 2. The evaluated 
parameters are listed Table 6. The three parameter sets for the Pd9Si2 phase correspond 
to each of three parameter sets for the Pd5Si phase (I, II, III) and were evaluated with the 
data in Table 1 and section 2-3. Figure 12(cI-III) are the calculated phase diagrams using 
the three parameter sets for the Pd5Si and Pd9Si2 phases in Tables 5 and 6, respectively. 
The PdSi phase is a high temperature stable phase and its parameters  and  
were evaluated with the melting temperature and decomposition reaction 
PdSi→Pd2Si+diaSi at 1097K. The parameters   (i1j1 = Pd1Pd1 , Pd1Si1, Si1Pd1) are 
determined with the first- principles data in Table 1 while the remainder and 
are assumed to be zero. The interaction parameter was evaluated with 
bPd5Si
µ
cPd:Siµ
iLµII iLµIII
aim jn
PdSi bim jn
PdSi
aim jn
PdSi
bim jn
PdSi cim jn
PdSi
0LPd:PdSiPdSi
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experimental data[10] i.e. liquid→PdSi+Si.  
Reliability of this evaluation arises from the use of both first-principles calculations 
and experiments to clarify the relative stability of the intermetallic phases. Our findings 
show several significant differences in comparison with previous report[9, 31]. Notably, 
(i) the calculated enthalpies of formation (solid line) for the compounds shown in Figure 
2-2 and the experimental data in Table 2-2 indicate that Pd5Si, Pd9Si2, Pd3Si, and Pd2Si 
are stable all the way to zero-Kelvin, while Pd5Si − δ decompose into other phases at 
low temperature. The Pd21Si4, Pd14Si3, and Pd15Si4, being not observed in our 
experimental measurements, are not considered as stable phases in thermodynamic 
modeling. (ii) The fcc phase boundary shows good agreement with experimental data 
(Figure12(a)). (iii) Pd3Si is described as congruent melting compound. (iv) the 
compounds Pd2Si, Pd2Si−I and Pd2Si−II shown in Figure 1[8] are described as one phase 
i.e. Pd2Si with homogeneous composition range. The calculated thermodynamic 
properties and phase diagram from the model are shown in Figure 2-11 and 2-12, where 
we can see that the experimental data and first-principles data are well represented. 
5. Summary 
The stabilities of the compounds in Pd-Si system were investigated by employing first- 
principles calculations and experimental measurements. The results indicate that the 
Pd5Si, Pd9Si2, Pd3Si,and Pd2Si are stable all way to zero temperature while PdSi is a 
high temperature stable phase. The Pd21Si4, Pd14Si3 , and Pd15Si4 phases were not 
observed in experimental measurements and thus not considered as stable phases. Due to 
component Si dissolved in Pd-fcc and Pd in Si-dia, the lattice parameters of the Pd-fcc 
phase in the heat treated Pd-14 at. pct Si alloy and the Si-dia phase in the heat treated 
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Pd-64 at. pct Si alloy are deviated from those of pure elements. In thermodynamic 
modeling, the model parameters are fitted using available experimental data and first-
principles data, and the resulting phase diagram is reported over the full range of 
compositions in the Pd-Si binary system. 
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Table 1: Summary of the results from first-principle calculation 
Phase prototype 
Space  
group  
(No.) 
Formula 
First-principles Experiment  
Lattice  
parameters, (Å) 
Lattice 
parameters, (Å) ∆H, kJ/mol 
dia-Pd C Fd-3m (227) Pd 5.8129 109.6 - 
Pd5Si Pd5Si P1211 (4) 
Pd5Pd 
8.89086 
8.01841 
5.33966 
38.7 - 
Pd5Si 
8.57568 
7.73416 
5.15037 
-40.5 
8.47[17] 
7.49[17] 
5.56[17] 
Si5Pd 
8.85407 
7.98532 
5.31756 
43.2 - 
Si5Si 
8.71274 
7.85776 
5.23268 
66.4 - 
Pd9Si2 Pd9Si2 Pnma (62) 
Pd9Pd2 
9.43544 
7.74618 
9.79516 
24.5 
- 
- 
- 
Pd9Si2 
9.18408 
7.53982 
9.53421 
-42.7 
9.05[17] 
7.42[17] 
9.41[17] 
Si9Pd2 
9.39460 
7.71265 
9.75276 
36.6 - 
Si9Si2 
9.27085 
7.61106 
9.62429 
62.4 - 
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Table 1 (continued)  
Phase prototype 
Space 
group  
(No.) 
Formula 
First-principles Experiment  
Lattice  
parameters, (Å) 
Lattice 
parameters, (Å) 
∆H, 
kJ/mol 
Pd3Si Fe3C Pnma (62) 
Pd3Pd 
6.09201 
8.02530 
5.58744 
44.5 
- 
- 
- 
Pd3Si 
5.85176 
7.63564 
5.35442 
-57.4 
5.74[32] 
7.56[32] 
5.26[32] 
Si3Pd 
5.97831 
7.87553 
5.48316 
10.6 - 
Si3Si 
5.81300 
7.65775 
5.33154 
1.88 - 
Pd2Si Fe2Si 
P-62m 
(189) 
Pd2Pd 
8.34397 
4.40979 186.7 - 
Pd2Si 
6.57075 
3.55232 -65.1 
6.50[20] 
3.43[20] 
Si2Pd 
8.63142 
4.56171 169.4 - 
Si2Si 
7.95871 
4.20618 148.1 - 
PdSi MnP Pnma (62) 
PdPd 
5.92253 
3.60917 
6.49270 
34.1 - 
PdSi 
5.6173 
3.3862 
6.1494 
-50.18 
5.62[33] 
3.39[33] 
6.15[33] 
SiPd 
5.31757 
7.98523 
8.85407 
43.17 - 
SiSi 
5.23268 
7.85776 
8.71274 
66.39 - 
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Table 2: EPMA measured phase compositions 
Comp. 
at% Si 
ID Treatment 
fcc-Pd Pd5Si Pd9Si2 Pd3Si Pd2Si dia-Si 
at% Si/ω 
14 
HI 988K-93hr 0.7/0.01 15.9/0.42     
H2 1091K-168hr 1.5/0.08 16.0/0.10     
16.7 
M2 As-solidified  16.0/0.49 18.2/0.05    
H3 1091K-168hr  16.0/0.10 18.3/0.11    
17 H4 1006K-162hr  16.3/0.13 18.5/0.11    
17.7 
M3 As solidified  16.7/0 18.0.0.19    
H5 1080K-148hr  16.3/0 18.4/0    
H6 1093K-168hr  16.3/0.09  25.3/0.10   
20 
H7 913K-210hr   18.2/0.05 24.8/0.09   
H8 1023K-593hr   18.5/0.23 25.4/0.27   
H9 1038K-192hr   18.6/0.11 25.4/0.11   
H10 1080K-148hr   18.5/0.14 25.2/0.09   
H11 1090K-168hr   18.5/0.08 25.2/0.15   
64 H12 934K-212hr     32.5/0.65 99.0/0 
 
 
 
 
Table 3: Reaction onset temperature, measured with DSC on heating rate of 40K/min 
Overall (at% Si) Label Liquidus (K) Reaction (K) 
14 D1 - 1088 
16.7 D2 - 1091 
17.7 D3 1096 1091 
20 D4 1223 1092 
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Table 4: Summary of the thermodynamic models used for the Pd-Si system 
Phase Prototype Method(Formulation) Model 
Liquid  
Association model 
(Pd, Pd2Si, Si) 
 
 (xi is overall composition) 
 
 
(i, j=Pd, Pd2Si,Si) 
yi is mole fraction of species i 
fcc-Pd Cu 
Solution model 
 
 
 
dia-Si C 
  Two-sublattice model  
Pd5Si Pd5P (Pd,Si)0.833(Pd,Si)0.167  
 
 
 
(p and q are subscript values in formulation) 
Pd9Si2 Pd9Si2 (Pd,Si)0.818(Pd,Si)0.182 
Pd3Si Fe3C (Pd,Si)0.75(Pd,Si)0.25 
Pd2Si Fe2Si (Pd,Si)0.667(Pd,Si)0.333 
PdSi MnP (Pd,Si)0.5(Pd,Si)0.5 
 
  
refGmliq = xi 0Giliqi=Pd,Si∑
idGmliq =
RT
1− 2yPd2Si
yi ln yii∑
exGmliq = yii∑ yik=0∑j>i∑
kLi, jliq + yPd2SiΔGPd2Si
0
refGmΦ = xi 0GiΦi=Pd,Si∑
idGmΦ = RT xi ln xii=Pd,Si∑
GmΦ = xPd xSi jLPd,SiΦk=0∑ (xPd − xSi )
k
refGmΦ = yiIi=Pd,Si∑ yi
II 0Gi: jΦj=Pd,Si∑
0Gi: jΦ = ΔGip jq
Φ + p 0GPdfcc + q 0GPddia
idGmΦ = RT (pyiIi=Pd,Si∑ ln yi
I + qyiII ln yiII )
exGmΦ = yPdI ySiI yiII jLPd,Si:iΦ (yPdI − ySiI ) jj=0∑i=Pd,Si∑
+yPdII ySiII yiI jLi:Pd,SiΦ (yPdII − ySiII ) jj=0∑i=Pd,Si∑
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Table 5: Coefficients for the standard Gibbs free energies of pure Pd and Si elements in 
the relevant phases. Each Gibbs free energy is described as 
 
       
Tmin 298 600 1828.5 298 600 1828.5 
Tmax 600 1828.5 4000 900 1828.5 4000 
 - - - - - - 
a0 1303.037 23392.81 -12375.903 -10204.027 917.062 -67256.956 
a1 170.965792 -116.745522 251.420646 176.076315 49.659893 370.497818 
a2 -32.211 10.8666189 -41.17 32.211 -13.5708 
-
54.2560279 
a3*10-2 0.7120975 -2.7246584 - 0.7120975 -0.717522 0.021017 
a4*10-6 -1.919875 2.428271 - -1.919875 -1.91115 -0.063199 
a5*10-21 - - - - - - 
a6 168687 -1852450 - -168687 -1112465 18715959 
a7*1030 - - - - - - 
       
Tmin 298 298 298 1687 298 1687 
Tmax 4000 4000 1687 3600 1687 3600 
   - - - - 
a0 10500 2000 42533.751 40370.424 -8162.609 -9457.642 
a1 -1.8 0.1 107.13742 137.722298 137.227259 167.271767 
a2 - - -22.8317533 -27.196 
-
22.8317533 -27.196 
a3*10-2 - - -0.1912904 - -0.1912904 - 
a4*10-6 - - -0.003552 - -0.003552 - 
a5*10-21 - - 2.0931 - - - 
a6 - - 176667 - 176667 - 
a7*1030 - - - - - -4.2037 
       
Tmin 298 298  298   
Tmax 3600 3600 3600    
 5100+21.8T+  47000-22.5T+  49200-20.8T+  
 
  
0Giθ = refGiθ + a1 + a2T + a3T lnT + a4T 2 + a5T 3 + a6T 7 + a7T −1 + a8T −9
0GPdliq 0GPdfcc
0Giref
0GPdbcc 0GPdhcp 0GSiliq 0GSidia
0Giref 0GPdfcc 0GPdfcc
0GSifcc 0GSibcc 0GSihcp
0GSiθ 0GSidia 0GSidia 0GSidia
 30 
Table 6: Thermodynamic model parameters (in SI unit) 
Phase Parameter Value (J/mol) 
Liquid 
 -105332 
 -63365 
 -41233 
 -258603+77.632T 
fcc 
 -267130+84.465T 
 -6500 
dia  109648.6+  
Pd5Si-I 
 48686.6 
 -39441+0.69Tln(T)+1.43066T 
 43174.59 
 6639.6 
Pd5Si-II 
 48686.6 
 -39441+0.69Tln(T)+1.43066T 
 43174.59 
 6639.6 
 -33546 
 14546 
Pd5Si-III 
 48686.6 
 -39441+0.69Tln(T)+1.43066T 
 43174.59 
 6639.6 
 -73546 
 140546 
 
0LPd,Siliq
0LPd,Pd2Si
liq
0LPd2Si,Si
liq
ΔGPd2Si
0
0LPd,Sifcc
1LPd,Sifcc
GPddia 0GPdfcc
ΔGPd:PdPd5Si−I
ΔGPd:SiPd5Si−I
ΔGSi:PdPd5Si−I
ΔGSi:SiPd5Si−I
ΔGPd:PdPd5Si−II
ΔGPd:SiPd5Si−II
ΔGSi:PdPd5Si−II
ΔGSi:SiPd5Si−II
0LPd:Pd,SiPd5Si−II
1LPd:Pd,SiPd5Si−II
ΔGPd:PdPd5Si−III
ΔGPd:SiPd5Si−III
ΔGSi:PdPd5Si−III
ΔGSi:SiPd5Si−III
0LPd:Pd,SiPd5Si−III
1LPd:Pd,SiPd5Si−III
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Table 6 (continued)  
Phase Parameter Value (J/mol) 
Pd9Si2 
 34454.45 
 -42757+1.16864Tln(T)-1.3993T 
 -42757+1.2991Tln(T)-2.3023T 
 -42757+3.6842Tln(T)-18.9845T 
 36649.54 
 62418.91 
Pd3Si 
 30162.83 
 -57900-15.23186+3.4715Tln(T) 
 10600 
 1880 
Pd2Si 
 186725.7 
 -65242.5+10.318T 
 169447.37 
 148096.3 
 -131909.17 
PdSi 
 35932.5 
 -35329.5-4.777T 
 -35329.5-4.777T 
 45978.5 
 -24978.5 
 
  
ΔGPd:PdPd9Si2
ΔGPd:PdPd9Si2−I
ΔGPd:PdPd9Si2−I
ΔGPd:PdPd9Si2−I
ΔGSi:PdPd9Si2
ΔGSi:SiPd9Si2
ΔGPd:PdPd3Si
ΔGPd:SiPd3Si
ΔGSi:PdPd3Si
ΔGSi:SiPd3Si
ΔGPd:PdPd2Si
ΔGPd:SiPd2Si
ΔGSi:PdPd2Si
ΔGSi:SiPd2Si
0LPd,Si:PdPd2Si
ΔGPd:PdPdSi
ΔGPd:SiPdSi
ΔGSi:PdPdSi
ΔGSi:SiPdSi
0LPd,Si:PdPdSi
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Figure 2-1, The Pd-Si binary phase diagram, calculated using the parameters by Du et 
al. 
 
 
 
 
Figure 2-2: Enthalpy of formation for (a) (Pd,Si)0.833(Pd,Si)0.167 and (Pd,Si)0.84(Pd,Si)0.16 
at 298K, calculated using the parameters in tables 
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Figure 2-3: (a) EPMA image showing observed microstructure and (b) XRD after heat 
treating the as-casting Pd 14 at% Si alloy at988K for 93 hours and 1091K for 168 hours, 
respectively, using the parameters in Table 2-1 
 
 
 
Figure 2-4: (a) EPMA image showing observed microstructure and (b) XRD for the as-
casting Pd 16 at% Si alloy and (c) EPMA image showing observed microstructure and 
(d) XRD for the as-casting Pd 16.7 at% Si alloy 
 34 
 
  
Figure 2-5: (a) EPMA image showing observed microstructure and (b) XRD after heat 
treating the as-casting Pd 16.7 at% Si alloy, respectively 
 
 
 
Figure 2-6: (a) EPMA image showing observed microstructure and (b) XRD of after 
heat treating the as-casting Pd 17.7 at% Si alloy at 1006K for168 hours, respectively (c) 
EPMA image showing observed microstructure and (d) XRD after heat treating the as-
casting Pd 17.7 at% Si alloy at 1080K for 168 hours, respectively. 
(a)
(c)
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Figure 2-7: (a) EPMA image showing observed microstructure and (b) XRD of after 
heat treating the as-casting Pd 17.7 at% Si alloy at 1093K for 168 hours 
 
 
Figure 2-8: (a) EPMA image showing observed microstructure and (b) XRD of after 
heat treating the as-casting Pd 20 at% Si alloy at 1090K for 168 hours 
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Figure 2-9: (a) EPMA image showing observed microstructure and (b) XRD of after 
heat treating the as-casting Pd 20 at% Si alloy at different temperatures, respectively. 
 
 
 
Figure 2-10: (a) EPMA image showing observed microstructure and (b) XRD of after 
heat treating the as-casting Pd 64 at% Si alloy at 934K for 168 hours; (c) EPMA image 
showing observed microstructure and (d) XRD of after heat treating the as-casting Pd 31 
at% Si alloy at 934K for 168 hours 
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Figure 2-11: (a) The enthalpy of mixing (at 1700 K); (b) Gibbs free energy of mixing (at 
1700 K); (c) the calculated composition (at 1700K) and (d) temperature dependence (at 
xSi=0.33) of the associate species fraction of the liquid phase as computed using the 
present model in Tables 2-4 
 
(d)
(b)(a)
(c)
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Figure 2-12: Pd-Si phase diagram resulting from the present model in table, (a) over a 
selected temperature range, compared with experimental data. (b) with the evaluated 
parameters and and assuming . (c) composition portion of the phase diagrams 
calculated using three sets of parameters and compared with experimental data. (d) the 
full equilibrium phase diagram resulting from the current model 
aPd3Si bPd3Si
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CHAPTER III. IDENTIFICATION OF ORDER-DISORDER 
B2 AND BCC PHASE IN PD-SI-CU TERNARY 
SYSTEM: PRINCIPLE COMPONENT ANALYSIS, 
FIRST-PRINCIPLE CALCUATION, AND 
EXPERIMENTAL INVESTIGATION  
A paper to be submitted to Acta materialia 
Y. Huo, S. Zhou, T. Wang, K. Sun, L. Zhou, M. Kramer, R. Napolitano 
Abstract 
To identify the phases in Pd60Si8Cu32(at%) and Pd70Si10Cu20(at%) alloys, principal 
component analysis, first-principle calculations and experimental investigations were 
employed in this work. Principal component analysis (PCA) was employed to screen the 
possible crystal structures. First-principle approach (FPA) was used to calculate the 
enthalpies of formation of PCA inferred crystal structures as well as the suspect crystal 
structures. Experimental measurements include X-ray diffraction, electron probe 
microscope analysis, scanning electron microscope and transmission electron 
microscope. By comparing the experimental results with the suspect crystal structures 
predicted from PCA and FPA, we confirmed that the Pd60Si8Cu32 alloy consists of single 
B2 phase while in Pd70Si10Cu20 alloy order B2 phase was identified to embed in disorder 
bcc phase. 
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Keywords: principal component analysis; first-principle calculation; disordered bcc and 
ordered B2 phases. 
1. Introduction  
The mechanism of phase competitions in undercooled metallic melts has been an 
important subject[1, 2]. A glass forming system sheds a light for us to understand this 
mechanism as highly undercooled melt in glass forming system can be achieved 
relatively easily.  Pd-Si-Cu ternary system, known as an excellent glass former[3-9], is a 
candidate for such study. Figure 3-1(a)[10] shows that Pd-Si-Cu system is a bulk glass 
former with large glass forming ability (GFA) through comparing with other metallic 
system with two respects: low critical cooling rate for glass formation and large critical 
size of glass phase. In addition, Figure 3-1(b)[11-16] illustrates the diffusivity of 
Pd77.5Si16.5Cu6 liquid[17] is sensitive to the degree of undercooling as its temperature 
dependence of viscosity is similar as that of o-terphenyl, a classical fragile glass former. 
To understand phase competition during non-equilibrium solidification of this system, 
an accuracy thermodynamic description that contributes to assess the driving force for 
different phases forming from undercooled liquid is requisite. However, the relative 
phase stabilities in this system haven’t been evaluated, preventing development of a 
general thermodynamic model. One of the issues contributing to the ambiguities in 
accurately assessing the phase stabilities is due to the fact that some phases with ternary 
composition haven’t been identified, especially their crystal structure.  
These unknown phases were firstly found by Massalski et al.[18] during 
investigation of liquid projection of Pd-Si-Cu system. A number of ternary alloys that 
were slowly cooled from liquid were hold at a predetermined temperature for 3 hours 
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and then quenched into water to preserve the equilibrium phases. According to the 
microstructure and composition of phases, they doubt ternary compounds might exist as 
secondary phases with the compositions listed in Table 7. They suspected that the 
ternary compounds with compositions around Pd60Si8Cu32 and Pd70Si10Cu20 were 
extended from Cu-Si bcc phase (unless otherwise stated, all the compositions in this 
paper is given by atomic percent). Furthermore, Boëttinger[19, 20] observed similar 
phases in directional solidified samples as those found by Massalski et al.[18]. For 
instance, ternary compound with composition of Pd73Si12Cu15 was observed in 
Pd76Si15Cu9 alloy during directional solidification process. On the other hand, a 
dendrite-like phase with composition of Pd60Si7Cu33 was found in Pd75Si13Cu12 alloy. 
Massalski[18] as well as Boëttinger[19, 20] considered two ternary compounds as the 
same phase. But there were no diffraction data, such as X-ray or electron diffraction, to 
support their conclusions and reveal crystal structures for these ternary compounds. The 
aim of this work is to identify the crystal structures for those compositions using PCA, 
FPA and experimental investigations.  
The stable crystal structure of a material is usually predicted by searching different 
atomic arrangements for the lowest energy.  Wu et al.[21] optimized the atomic 
arrangements by generic algorithm with energy calculations based on density functional 
theory (DFT), and then unraveled the crystal structures for Zr2Co11 compounds.  To 
reduce the time-consuming total energy calculations, Ceder and his coworkers[22, 23] 
analyzed the phase-diagram similarity for binary alloys by data-mining and predicted the 
crystal structures for the stable AgMg3 in an effective manner. In this work, we construct 
a structure map by using the principal component analysis (PCA) with various possible 
 42 
influencing factors (size, electrochemical and heat factors) as inputs, which provides a 
very efficient way to screen the possible crystal structures for unknown phases. 
Based on the results of Massalski[18] and Boëttinger[19, 20], two compositions, 
Pd60Si8Cu32 and Pd70Si10Cu20, named as C1 and C2, are selected as candidates for 
investigation. The possible structures for both compositions are screened by PCA. Then, 
the lattice stabilities of those suggested crystal structures as well as some suspected 
structures would be tested by First-principle approach (FPA). Finally, two alloys with 
these two compositions are prepared and analysis by several experimental method, 
including scanning electron microscope (SEM), electron probe microanalysis (EPMA), 
X-ray diffraction (XRD), GSAS Rietveld refinement, and transmission electron 
microscope (TEM), to verified their stable crystal structures. 
2. Principle component analysis 
The structure map is a plot of crystal structures and selected attributes, which 
provide visible patterns for scientists to summarize, rationalize and predict the crystal 
structure type of a particular phase. The key issue for structure maps is the attributes 
chosen. Usually, the real problems are very complex and rely on many factors 
(attributes), however, for the purpose of visualization, only few attributes (often two) 
can be used at same time.  Here, we constructed a new type of structure map, where all 
related factors are taken into account and the dimensionality is reduced by data-mining 
method for visualization. Since most attributes are usually interrelated, the 
dimensionality can be significantly reduced by PCA with minimum information loss. 
Detailed descriptions and the mathematical process of PCA can be found everywhere 
and will not be introduced here. 
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To screen the possible structures for C1 and C2, compounds with a formula of 
(AxB1-x)1-ySiy (y=0.05-0.13) were collected from the literature[24] and following 
attributes were taken into account in present work: 1) Chemical scale, ; 2) Martynov-
Batsanov electronegativity, ; 3) Electron density at the boundary of the Wigner-
Seitz cell, ; 4) Valence number, ; 5) Cohesive energy, ; 6) Enthalpy 
difference between bcc and fcc, ; 7) Atomic radii, ; 8) Pseudopotential radii, . 
The values of the above attributes for those related elements were collected from the 
literature. To analyze the data for (AxB1-x)1-ySiy (y=0.05-0.13), one of following 
mathematical treatments is usually applied to the attribute : 
                               (1) 
                                  (2) 
                 (3) 
In present work, we applied Eq.1 to ,  and , Eq. 2 to ,  and , and 
Eq. 3 to  and . It’s worth noting that, before any data analysis, all attributes have to 
be scaled by Z-score normalization to prevent some attributes from dominating the 
analysis over others.  Figure 2 shows a plot of those (AxB1-x)1-ySiy (y =0.05-0.13) 
compounds in the PCA space. Structures are indexed by Pearson symbol. If a crystal 
structure contains only one instance in current database, it was labeled with others on the 
plot. As shown in the plot, more than 80% of the total data variance has been captured 
by the first three principal components and those higher principal components (larger 
than 3) can be ignored because they only capture small portion of the variance (less than 
10%). Therefore, the possible structures for an unknown phase (e.g. C1 and C2) can be 
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screen by the similarity analysis between the unknown phase and its surroundings on the 
PCA plot. For any two instances, the similarity between them is reciprocally 
proportional to their distance in the above PCA space. In another word, a smaller 
distance between two compounds indicates a stronger similarity, and then they have a 
higher possibility of sharing the same crystal structure According to Figure 3-2, the top 
5 nearest neighbors for C1 and C2, represented as red star, are Co0.75Sn0.125Si0.125 (cI2-
bcc), Ni0.75Ga0.125Si0.125 (cP4-L12), Nb0.233Co0.667Si0.1 (cF24-C15), Ni0.5Al0.375Si0.125 
(cP2-B2) and Pd0.5Al0.375Si 0.125 (cP8-B20), which suggests 5 most likely crystal 
structures for C1 and C2. The related prototypes are also listed in Table 8. 
3. First principle calculation 
According to PCA assumed the crystal structures as well as the related prototype 
listed in Table II, the phases in samples C1 and C2 are expected to be solution phases 
with the simplified descriptions Pd100-x(Cu,Si)x (W, cI2-bcc), Pd3(Cu,Si) (Cu3Au, cP4-
L12), Pd2(Cu,Si) (MgCu2, cF24-C15), Pd(Cu,Si) (CsCl, cP2-B2) and Pd(Cu,Si) (FeSi, 
cP8-B20).  The zero-Kelvin energies for the formula of the crystal structures were 
calculated by means of VASP[25] employing Vanderbilt ultrasoft pseudopotential[26] 
and the generalized gradient approximation (GGA)[27] with the high precision choice. 
We fully relaxed the cell shape and the internal atomic coordinates and examine the 
calculated results after calculation to make sure the unit cell maintaining in the same 
structure. 
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The enthalpy of formation, , for a given compound Φ is calculated as the 
difference between the energy  of the compound and linear combination of the pure 
element reference state energies, ,  and , 
                                                         (4) 
where  is the mole fraction of component i in . The calculated enthalpies of 
formation of the compounds are listed in Table 8.   
It should be noted here that the energy for the bcc phase is calculated with FPA 
using 16-atom SQSs[28, 29] for compositions of xPd=0.75 and 0.5, respectively. The 
concept of SQS was proposed by Zunger et al.[28] to mimic a random solution phase by 
reproducing the pair and multiple-body correlations using a small size supercell. The 
bcc[30] SQS solution structures were employed in this work. The energetics of the bcc-
SQS was computed using the GGA pseudopotentials with VASP[31].  
Of note here is that our calculations suggest that bcc, Pd3(Cu,Si)-L12, Pd(Cu,Si)-B2 
and Pd(Cu,Si)-B20 are possible phases in samples C1 and C2 due to their negative 
energy of formation while Pd2(Cu,Si)-C15 is not a stable phase.    
4. Experiments 
Two test alloys with compositions of Pd60Si8Cu32 and Pd70Si10Cu20 were prepared 
from pure elements (99.999% Palladium, 99.999% Silicon and 99.999% Copper by 
weight[35]) by arc-melting in an argon protection atmosphere five times to ensure the 
homogeneity of the samples. Then, as-casting samples were annealed at 1013K in a 
sealed quartz tube backfilled with argon protection atmosphere for four weeks. The heat 
treatment samples were quenched into water to preserve the equilibrium phases at 
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1013K. The annealed samples were sectioned into several pieces for different 
experimental measurements.  
Firstly, both C1 and C2 were characterized by SEM and EPMA equipped with 
wavelength dispersive spectroscopy (WDS) (15kV, 10mA). Then, XRD with Co-Kα 
radiation (45kV, 40mA) is employed to collect definitive structural information for both 
samples, including both bulk and powder samples as shown in Figure 4-3(a) and 5(a). 
The powder samples sealed quartz tubes with argon protection atmosphere were heated 
at 1013K for several hours to release the residual strain produced during grinding. After 
heat treatment, the quartz tubes were quenched into water to keep the equilibrium phases 
at 1013K. Rietveld refinement is preformed by GSAS software to determine their crystal 
structures and lattice parameters. TEM specimens were prepared by standard mechanical 
wedge polishing followed by ion milling at liquid nitrogen temperature. TEM analysis 
was performed by FEI Tecnai G2 F20 transmission electron microscope operated at 200 
keV.  
5. Results and discussion 
 
The backscatter image taken by SEM in Figure 3-3(b) reveals that C1 is 
homogeneous and exhibit single-phase microstructures. The composition measured by 
EPMA is Pd60.8/0.41Si7.5/0.07Cu31.6/0.46, which is almost same as designed. The values under 
slash are standard deviation. Powder diffraction results of C1 are shown as solid line in 
Figure 3-3(b). Some peaks from fcc-(Pd,Cu) phase, marked as ‘x’, can be observed. 
They are produced during grinding and re-annealing of powder samples, as these peaks 
were not observed in XRD patterns of bulk samples, indicated as blue line in Figure 3-
3(a). In addition, fcc-(Pd,Cu) phases are also absent in backscatter imaging of bulk 
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sample. The standard XRD patterns of cI2-bcc, cP4-L12, cP2-B2 and cP8-B20 are 
superimposed in Figure 3-3(a), as these four structures are determined as candidates for 
C1 by PCA and FPA results. The lattice parameters of these four structures are modified 
to fit the strongest peak in experiment data by Carine crystallography software in which 
the diffraction pattern of an ideal crystal structure is simulated without consideration of 
experimental condition. C1 is suspected as B2 phase as the powder diffraction data is 
almost agreed with those of B2 structure except some high angle peaks. To confirm the 
crystal structure of C1, GASA Rietveld refinement is performed and the result is shown 
in Figure 3(c), which proves that C1 is an order B2 phase with a lattice parameter of 3.01 
nm. TEM result in Figure 3-4 supports this conclusion. PdCu-B2 phase is a stable phase 
in Cu-Pd binary system[32]. While the melting temperature of CuPd-B2 phase is 863K, 
the ternary B2 phase in our study is still stable at anneal temperature, 1013K. It’s 
indicated that the ternary B2 phase is more stable than CuPd-B2 phase. As the enthalpy 
of formation of PdSi-B2 phase is -52.8kJ/mol from FPA (list in Table II) while the 
enthalpy of formation of PdCu-B2 phases is -13.7kJ/mole[32], Si can substitute Cu in 
CuPd-B2 phase to increase its stability in ternary system. The stable range of B2 phase 
in ternary system will be discussed in following paper. 
The XRD results of bulk and powder C2 are shown in Figure 3-5(a). The reason why 
peaks from fcc phase are observed has been stated before. EPMA measured composition, 
Pd70.1/0.15Si9.3/0.04Cu20.6/0.14, is almost same as design. The powder diffraction data of C2 is 
similar to that of C1 but several split peaks are observed. C2 is first thought to be a 
single-phase as result of backscatter imaging (shown in Figure 3-5(b)) in which a single-
phase microstructure is present. However, the experimental data can’t match any 
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simulated diffraction patterns of the suspected structures from PCA and FPA results, as 
shown in Figure 3-5(a). Some crystal structures might be ignored since PCA can just 
predict crystal structure from known phases in similar system with formulae of (AxB1-
x)1-ySiy (y =0.05-0.13). So, several other bcc-type ordering structures are also compared 
with experimental data, including tP2-L10, cF16-L21 and cF16-D03. Among them, tP2-
L10 is the most possible structure because of the negative enthalpies of formation of the 
compounds PdSi and PdCu in tP2-L10 structure as listed in Table 8. In addition, split 
peaks in tP2-L10 structure can be observed in simulated XRD pattern (represented as 
solid cycles in Figure 3-5(a)) due to different lattice parameters of a-axis and c-axis, 
such as {110} and {101}. But some discrepancies still exist between the experimental 
data and simulated diffraction peaks of tP2-L10 structure. Firstly, the {100} and {200} 
peaks of tP2-L10 should also split, but there is only one peak observed in experimental 
data. Secondly, according to intensities of {110} and {101} peaks of experimental data, 
the lattice parameter of a-axis should be larger than that of c-axis, while the intensities of 
some high angle peaks of experimental data indicates that lattice parameter of a-axis is 
smaller than that of c-axis.  
TEM is employed to clarify these ambiguities. Bright-field (BF) TEM imaging of C2 
shows a rectangle brick shape bright contrast phase (phase I) embedded in continuous 
grey phase (phase II), as shown in Figure 3-6(a). C2 is proved to be a two-phase sample 
rather than single-phase. Corresponding SAED pattern shows B2 ordering inside in 
Figure 3-6(b) and (c). Dark-field (DF) two-beam diffraction imaging selecting the (001) 
spot, shown in Figure 3-6(d), is employed to distinguish the crystal structures of phase I 
and II. It's indicated that only phase I is B2 ordering while phase II has a disorder bcc 
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phase as only phase I can be imaged in DF imaging by (001) spot. DF imaging also 
shows that phase I is faceted on {100} planes as arrows indicate in Figure 3-6(d). C2 is 
thought to be a single-phase sample from the fact that there is no contrast being 
observed in its backscattering imaging. As C2 has experienced a long duration heat 
treatment, the grain size for different phases should be larger enough to be observed in 
backscatter imaging. However, there is an exception in which coarsen is pinned during 
heat treatment. This phenomenon always happens in two coherent phases if two phases 
can exhibit elastically inhomogeneous[33]. Asymmetric strains between two different 
phases can produce free energy barrier that will prevent the coarsen processing. This is 
just the case for bcc and B2 phases because they all have a bcc-type lattice. Therefore, 
it’s concluded that C2 is consisted of two nano-scale phases that are hard to be observed 
in backscatter imaging but is clear in BF image. SEAD patterns and DF imaging shows 
that these two phases are disorder bcc phase (matrix phase in BF image) and order B2 
phase (rectangle brick-like phase in BF image). It’s indicated that bcc phase is stable in 
Pd-rich part. The enthalpies of formation of four bcc structures in Pd-rich part: Pd75Si25, 
Pd50Si50, Pd75Cu50 and Pd50Cu50, are negative calculated by FPA, listed in Table II. FPA 
results indicate that bcc phase is metastable in both Pd-Si and Cu-Pd binary system. In 
fact, bcc phase has been found as meta-stable phase in melt-spinning alloys with 
composition range of Pd1-xSix  (0.08<x<0.13)[34] and as high temperature stable phase 
in Cu-Si binary system. All these evidence supports our observation that bcc phase is 
stable in Pd-rich part 
STEM imaging and corresponding line-profile across phase I and phase II (Figure 3-
7) shows that phase I is Cu-rich while phase II is Pd-rich. From the standing point of 
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phase diagram, C2 lies in a tie-line of bcc and B2 phases. The composition of B2 phase 
in C2 should be similar to that in C1, but it's difficulty to quantitatively measure the 
composition of bcc phase, because the resolution of EPMA is not small enough for such 
nano-scale phases. As discussed before, the reason why bcc and B2 phase exhibit such 
fine structure is due to elastically inhomogeneous in their coherent lattices that prevent 
the coarsening process. The accuracy composition measurement of bcc phase will be 
reported in following paper for development of thermodynamic modeling for Pd-Si-Cu 
ternary system by selecting a tie-triangle in which bcc phase is in a equilibrium without 
B2 phase. Finally, GSAS Rietveld refinement in Figure 8 shows that the lattice 
parameters of B2 and bcc phases in C2 are 3.01 and 3.03nm, respectively.  
Since we have solved the crystal structures of two ternary phases in Pd-Si-Cu system, 
an evaluation of the relative phase stability, by experiment and FPA, is possible. Such an 
evaluation could contribute to a comprehensive thermodynamic description of this 
system, which could provide the driving forces for the crystallization of different phases 
from an undercooled melt.  Ultimately, such a thermodynamic model may provide a 
better understanding of the phase selection that occurs during non-equilibrium 
solidification. 
6. Conclusion 
Two alloys with compositions of Pd60Si8Cu32 and Pd70Si10Cu20 are prepared and 
analysis by several experimental methods to investigate ternary phases in Pd-Si-Cu 
system. Principal component analysis method and first-principle calculation are 
employed to screen the possibilities of crystal structures for both compositions. Based 
on experimental results and theoretical calculation, it’s concluded as following: 
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1) According to PCA method, the most likely 5 crystal structure for both alloys are 
screen to cI2-bcc, cP4-L12, cF24-C15, cP2-B2 and cP8-B20; 
2) The enthalpies of formation of PCA inferred crystal structures as well as the 
suspect crystal structure tP2-L10 are calculated by first principle calculation. The 
results indicates that the lattices of cI2-bcc, cP4-L12, cP2-B2 cP8-B20 and tP2-
L10 with formulae listed in Table II are stable due to their negative energies of 
formation; 
3) Pd60Si8Cu32 is proved to be a single-phase sample with cP2-B2 structure from 
XRD, backscatter imaging and TEM. PdCu-B2 phase is stable in Pd-Cu binary 
system. As the formation enthalpy of PdSi B2 phase is 52.8 kJ/mole obtained 
from FPA, Si can substitute Cu in PdCu-B2 phase and stabilize it in ternary 
region; 
4) Pd70Si10Cu20 is consisted of two nano-scale disorder-order phases: cI2-bcc and 
cP2-B2 phases. Order B2 phase exhibits a rectangle brick shape embedded in 
disorder bcc phase matrix in BF TEM imaging. Bcc phase is proved to be stable 
phase in Pd-rich part both from experiment and FPA. 
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Table 7: The composition of ternary compounds found by Massalski et al. 
Overall composition (at%) T (K) Ternary compounds’ composition (at%) 
Pd Si Cu Pd Si Cu 
75 16 9 973 56.5 6.9 36.7 72.8 10.3 16.9 
79 17 4 973 75.7 8.9 15.4 
76.5 17.5 6 1008 56 7.4 36.6 
   973 56.9 6.9 36.2    74.2 9.9 15.9 
75.5 17.5 7 1013 56 7.4 36.6 
   973 60.1 7.3 32.6    72.8 10.3 16.9 
73 22 7 1013 54.0 7.1 38.9 
 
Table 8: Enthalpies of formation of suspected crystal structures in Pd-rich part 
calculated by FPA 
Expected phase Formula Prototype Pearson symbol 
Formation enthalpies 
(kJ/mole) Ref. 
bcc 
Pd50Si50 
W cI2-bcc 
-11.0 - 
Pd75Si25 -22.8 - 
Pd50Cu50 -8.61 - 
Pd75Cu25 -6.89 - 
Pd3(Cu,Si) 
Pd3Si Cu3Au cP4-L12 
-40.9 - 
Pd3Cu -9.69 - 
Pd2(Cu,Si) 
Pd2Si MgCu2 cF24-c15 
21.8 - 
Pd2Cu 22.6 - 
Pd(Cu,Si) PdSi CsCl cP2-B2 -52.8 - PdCu -27.4 29 
Pd(Cu,Si) PdSi FeSi cP8-B20 -35.7 - PdCu -6.72 - 
Pd(Cu,Si) PdSi AuCu tP2-L10 
-25.2 - 
PdCu -14.0 - 
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Figure 3-1: (a) Critical cooling rate for glass formation and corresponding maximum 
thickness of glass phase showing Pd-Si-Cu ternary system (represented by solid square) 
is a bulk glass former, Key to the alloys: 1Ni, 2Fe91B9, 3Fe89B11, 4Te, 5Au77.8Ge13.9Si8. 4, 
6Fe83B17, 7Fe41.5Ni41.5B17, 8Co75Si15B10, 9Ge, 10Fe79Si10B11, 11Ni75Si8B17, 12Fe80P13C7, 
13Pt60Ni15P25, 14Ni62.4Nb17.6, 15Pd40Ni40P20, 16Au55Pb22.5Sb22.5, 17La55Al25Ni10Cu10, 
18Mg65Cu25Y10, 19Zr65Cu17.5Ni10Al7.5, 20Zr41.2Ti13.8Cu12.5Ni10Be22.5, 21Ti34Zr11Cu47Ni8; 
(b) Comparison the dependence of Viscosity liquid on temperature for Pd77.5Si16.5Cu6 
with other systems showing its fragile behavior. 
 
 
Figure 3-2: Principal component analysis showing that the most possible crystal 
structures for compositions of Pd60Si8Cu32 and Pd70Si10Cu20, represented as red star, are 
cI2-bcc, cP4-L12, cF24-C15, cP2-B2 and cP8-B20. 
a b
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Figure 3-3: XRD results of C1 (a) superimposed with simulated diffraction patterns of 
cI2-bcc, cP4-L12, cP2-B2, and cP8-B20 from Carine Crystallography software showing 
C1 is B2 ordering; back-scatter imaging of bulk C1 after 4 week heat treatment at 1013K 
showing a homogeneous and single-phase microstructure; GSAS Rietveld refinement (c) 
showing C1 is B2 ordering with lattice parameter of 3.01nm. 
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Figure 3-4: BF TEM imaging (a) and corresponding selected area diffraction pattern 
taken under [110] zone axis (b) showing C1 in a single-phase with B2 ordering. 
 
Figure 3-5: XRD results of C2 (a) superimposed with simulated diffraction patterns of 
cI2-bcc, cP4-L12, cP2-B2, cP8-B20 and tP2-L10 from Carine Crystallography software 
showing the identification of C2 requires more information; back-scatter imaging (b) of 
bulk C2 after 4 week heat treatment at 1013K showing a homogeneous and single-phase 
microstructure. 
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Figure 3-6: BF TEM imaging of C2 (a) and corresponding elected area diffraction 
pattern taken under [100] (b) and [110] (c) zone axis, Dark-field TEM image (d) using 
only (001) supper lattice peak indicating only phase I is B2 ordered while phase II is bcc 
structure. Arrows in Dark-field imaging showing phase I is faceted on [100] plane. 
 
  
Figure 3-7: High-angle Annular Dark-field (HAADF) imaging (a) and corresponding 
EDX line analysis (b) showing phase I and II are Cu-rich and Pd-rich, respectively. 
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Figure 3-8: GSAS Rietveld refinement of C2 powder diffraction data showing that C2 is 
a mixture of B2 and bcc phase with lattice parameters of 3.01 and 3.02nm, respectively. 
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CHAPTER IV. PD-SI-CU TERNARY PHASE DIAGRAM: 
EXPERIMENTS, FIRST-PRINCIPLES, AND 
SOLUSTION-BASED THERMODYNAMIC 
MODELING  
A paper to be submitted to Acta materialia 
Y. Huo, S. Zhou, R. Napolitano 
Abstract 
Pd-Si-Cu ternary phase diagram is investigated using experimental measurement, first-
principle calculation and thermodynamic modeling. The phases in as-cast and heat-
treated samples were characterized by scanning electron microscope, electron probe 
microscope analysis, X-ray diffraction, transition electron microscope. The phase 
transformation temperatures were measured with differential scanning calorimeter. The 
enthalpies of formation of end members of crystal phases are calculated by first-
principle approach, which are used as thermodynamic parameters in database. A 
comprehensive thermodynamic description are developed based on experiments and 
first-principle calculation. Liquid projection, isothermal sections at different 
temperatures and representative isopleth sections with experimental data are present in 
this paper.  
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Keywords: Pd-Si-Cu system, experiments, first-principle calculation, thermodynamic 
modeling. 
1. Introduction 
It's well known that solidification of melt under far-from equilibrium condition can 
produce materials with unusual properties due to non-equilibrium effects, such as the 
formation of metastable crystalline phases, deviation from equilibrium composition, 
incorporation of crystal defect and the presence of non-crystalline ordering. Pd-Si-Cu 
ternary system[1-8] is of particular interesting to investigate such non-equilibrium phase 
transition, because this system exhibits excellent glass forming ability. In addition, a 
unique feature of this system is that the glass transition has been observed in directional 
solidification of an alloy with composition of Pd77.5Si16.5Cu6 by Bridge-type technique 
once the pulling velocity of the furnace reaches at 2.5mm/s[9, 10]. The competition of 
other phases has also been reported at pulling velocities less than 2.5mm/s[9]. The 
driving forces for different phases in this system are thus need to be known to 
understand the phase selection under different condition, which requires a general 
thermodynamic description for this system. 
The mixing enthalpy of Pd-Si-Cu liquid at 1600K were measured by Arphofen[11]. 
Through addition of third elements into three binary bath substrates: Pd-Si, Cu-Si, and 
Cu-Pd, three groups of mixing enthalpies of liquid phase at 1600K were measured. On 
the other hand, some phase equilibria experiments results were reported by Massalski 
[12]. In their work, a serial of Pd-rich ternary alloys were heated to a high temperature 
that is above the liquidius, then slowly cooled to a desired temperature and hold at this 
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temperature for couple hours, followed by quenched. Through characterizing 
microstructures and measuring compositions, primary and secondary phases during 
solidification in different samples were determined, which gives the surface of primary 
crystallization for this system. Two significant conclusions were made: the invariant 
eutectic reaction was L=fcc+Pd9Si2+ternary compound, at Pd80Si15Cu5; several 
peritectic reactions were inferred, such as Pd3Si +Liquid=Pd9Si2+ternary compound 
and (Pd,Cu)2Si+L=Pd3Si+ternary compound.  
Although both thermochemical properties and phase equilibria data are available in 
literature, as stated above, three specific issues prevent developing an comprehensive 
thermodynamic database for this system: 1) The phase stabilities in Pd-Si binary system 
have been revisited with respect to experiments, first-principle calculation and 
thermodynamic modeling recently, which provides an accuracy thermodynamic 
modeling for this binary system[13], to clear the ambiguities related to the phase 
stabilities reported in literature[14-22]; 2) some compounds with ternary compositions 
are reporte to exist in Pd-rich part[10, 12]. They have been proved to be ordered B2 
phase and dis-ordered bcc phase recently by experiments and first principle 
calculation[23]. The addition of Si into Cu-Pd binary B2 phase can extend its stable 
region toward ternary region and bcc phase is also demonstrated to be stable in Pd-rich 
part; 3) Massalski just focused on Pd-rich part. In addition, the identification of ternary 
phases in Massalski's paper was incorrect according to recently finding. Thus, more 
experimental data are required for the development of ternary thermodynamic database.  
In this work, we aim to develop a comprehensive thermodynamic modeling of Pd-
Si-Cu ternary system. Firstly, alloy heat treatments, followed by scanning electron 
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microscope (SEM), X-ray diffraction (XRD), transmission electron microscope (TEM), 
electron probe microanalysis (EPMA) equipped with wavelength dispersive 
spectroscopy (WDS), high temperature differential scanning calorimeter (HTDSC) are 
employed to collect experiment data about phase equilibira. Then, first-principle 
approach (FPA) is utilized to calculate the enthalpies of formation of end members 
determined from experiments. Finally, by incorporating the results from both FPA and 
experiments, a comprehensive thermodynamic database will be developed. 
2. Experiment 
2.1 Experiment method 
Several test alloys (the overall composition are listed in Table I) are prepared from 
pure elements (99.99% Pd, 99.9% Si and 99.99% Cu by weight)[24] by arc-melting 
three times in an argon protection atmosphere to ensure the homogeneity of the samples. 
Then the as-casting samples are heated at 1013K in a sealed quartz tube filled with 
argon for seven days. After heat treatment, the samples are quenched into water to 
preserve the equilibrium phases at heat treatment temperature. The equilibrium phases in 
different samples are characterized by XRD with Co-Kα radiation working at 45kV and 
40mA. The microstructures of different samples are analysis by SEM in backscatter 
mode. The compositions of equilibrium phases are measured using EPMA equipped 
with wave-disperse spectra (15kV, 10mA). Then DSC is employed on 1013K heat-
treated samples to identify the temperatures for phase transition with a heating rate of 10 
K/min, because the heat-treated samples provide more accurate phase transition 
information than casting sample. To study the phase transitions detected by DSC, other 
anneal temperatures will be selected, followed by the same experimental procedure as 
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stated above. TEM is also used to address some issues, which can’t be solved by XRD, 
SEM and EPMA, which is performed by FEI Tecnai G2 F20 transmission electron 
microscope operated at 200 keV. 
2.2 results and discussion 
Pd80Si15Cu5 is considered as eutectic composition and this invariant eutectic is 
reported to be Liquid=fcc+Pd9Si2+ternary phase by Massalski[12]. However, 
Massalski’s conclusion is conflict with the observation that the heating DSC trace of this 
composition exhibits two endothermic events. The corresponding temperatures of the 
endothermic events are listed in Table 10. According to backscatter imaging and XRD 
shown in Figure 4-1(a) and 1(c), the matric phases at 1013K are Pd5Si and Pd9Pd2 
phases. Around 1% Copper can substitute Palladium in Pd5Si phase, and a little Copper 
is found in Pd9Pd2 phases. The third phase in Figure 4-1(a) is fcc phase identified from 
composition measurement rather than XRD, since the diffraction peaks of fcc phase are 
overlapped by those from Pd5Si and Pd9Pd2 phases. Once the heat treatment temperature 
increases to 1033K, fcc, Pd5Si and liquid phases are equilibrium phases determined from 
composition measurement, as Figure 4-1(b) shown. Pd80Si15Cu5 is thus not eutectics. 
The endothermic peak occurring at 1018K is related to the transformation of last liquid 
to solid phases, which is a peritectic reaction as the liquid phase’s composition, around 
Pd77Si15Cu8, at 1033K is out of the tie-triangle composed of solid phases: fcc, Pd5Si and 
Pd9Si2.  
Because the liquid phase’s composition in Pd80Si15Cu5 at 1033K approaches 
Pd77Si15Cu8, this composition is closed to eutectics. Two peaks are observed in the 
heating DSC trace of the sample with this composition: one locates at 1018K and the 
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other one occurs at 988K. In Figure 4-2(a), three different contrasts are observed in 
backscatter imaging of this sample annealed at 1013K, which indicates three phases are 
equilibrium in this sample. The light phase is identified as Pd9Pd2 phase with 1.2% 
Copper substituting Palladium according to XRD and composition measurement. The 
dark phase is determined as B2 phase as this phase’s composition measured by EPMA is 
almost same as that of single B2 phase reported in previous paper[23]. In addition, the 
characteristic XRD peaks in 35° and 62.5°, label as open diamond in Figure 4-2(c), 
confirm the existence of B2 phase. The gray phase is a mixture of bcc and B2 phases, 
because the measured composition of this phase is closed to Pd70Si10Cu20 that has been 
proved to lie in the tie-line of bcc and B2 phases[23]. The coarsening for bcc and B2 
phases are pinned during heat treatment due to inhomogeneous elastic strain produced 
between two coherent lattices[25], so such microstructure is too fine to be distinguished 
in backscatter imaging. Thus, the equilibrium phases for Pd77Si15Cu8 at 1013K are 
Pd9Pd2, B2 and bcc phases. Once the anneal temperature increases to 1023K, a 
homogenous liquid phase is observed in Figure 4-2(c). Pd77Si15Cu8 is concluded as 
eutectics and this reaction is Pd9Si2+bcc+B2=Liquid at 1018K. The weak exothermic 
peak corresponds to the decomposition of bcc phase, which will be addressed later. 
Below eutectic temperature, 1018K, the tie-triangle for Pd80Si15Cu5 is Pd5Si, Pd9Pd2 
and fcc phases, while Pd9Si2, bcc and B2 phases build the other tie-triangle for 
Pd77Si15Cu8. It's straightforward to infer that there must be another three-phase 
equilibrium region between these two three-phase fields. This three-phase equilibrium 
region is important for accuracy measurement of bcc phase, because bcc phase is 
equilibrium without B2 phase. The grain size of bcc phase in this tie-triangle can grow 
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into a large size during heat treatment for the resolution of EPMA. From backscatter 
imaging and XRD pattern of Pd76Si9Cu15 at 1013K (Figure 4-3(a) and (c)), fcc and 
Pd9Si2 are identified as equilibrium phases. The third phase, labeled as II in Figure 4-
3(b), is proved to be a single bcc phase from bright-field imaging and selected area 
diffraction pattern. The composition of bcc phase can thus be accurately measured by 
EPMA from this sample. In addition, bcc phases are found to decompose into Pd9Si2, fcc 
and B2 phases in this sample annealed at 973K. The endothermic events occurring at 
988K in heating DSC trace is thus related to the decomposition temperature of bcc 
phase. fcc phase is proved to be primary crystalline phase from liquid because only 
liquid and fcc phase are observed in this sample heated at 1033K, as list in Table 9.  
Pd75Si10Cu15 is annealed at 1013K to determine another tie-triangle around eutectics. 
The equilibrium phases at 1013K are Pd3Si, Pd9Si2 and B2, as shown in Figure 4-4(a) 
and (b). The solubility of Copper in Pd3Si phases is almost ignorable while Copper can 
substitute Palladium by 1.3% in Pd9Si2 phases. Two endothermic events happen during 
heating of this sample detected by DSC. Pd3Si and liquid phases are observed in the 
backscatter imaging of this sample at 1033K. Pd3Si phases are surround by some phases 
with very fine microstructures those are a mixture of B2 and Pd3Si phases determined 
from quantitative composition measurement. This observed microstructure and the fact 
that liquid phase’s composition, Pd77.7Si15Cu7.3, is out of the tie-triangle composed of 
Pd3Si, Pd9Si2 and B2 phases confirm the existence of an invariant perietectic reaction 
proposed by Massalski: liquid +Pd3Si =Pd9Si2+B2.  
Another perietectic reaction, liquid+Pd2Si=Pd3Si+B2, is also proposed by 
Massalski. However, our experimental observation from Pd65Si25Cu10 shows 
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inconsistence with their conclusion. At 1013K, Pd65Si25Cu10 lies in three-phase field of 
Pd3Si, Pd2Si and B2 phases, as shown in Figure 4-5(a) and (c). Pd3Si phase is still 
without any Copper while Pd2Si phase shows large Copper dissolubility. In heating DSC 
trace of this sample, a shape reaction occurs at 1163K, then a continuous endothermic 
event is detected from 1164K to 1408K. To investigate the shape endothermic reaction, 
this sample is annealed at 1178K. Pd3Si, Pd2Si and liquid phases are equilibrium at this 
temperature according to Figure 4-5(b). It should be noted that Pd2Si phases are not 
surround by Pd3Si phase and the liquid phase’s composition is in the tie-triangle of 
Pd3Si, Pd2Si and B2 phases. Both evidences indicate that the shape reaction at 1164K is 
eutectic rather that perietectic reaction. In addition, Pd2Si phase is considered to 
crystalize first from liquid at 1408K for Pd65Si25Cu10, which is determined from DSC 
and the microstructure in casting sample. With decreasing of temperature, the remind 
liquid enters the eutectic valley of Pd3Si and Pd2Si phases, as figure 5b shown. But this 
transition isn’t observed in DSC trace due to the small fraction of Pd3Si phase. At last, 
the last liquid transforms to solid phases from eutectic reaction.  
It’s proved that B2 and bcc are stable phases in Pd-rich region[23]. The phase 
equilibria and phase transitions involving B2 and bcc phases are need to be investigated 
to develop a thermodynamic description for this ternary system.  
Several endothermic events are observed in heating DSC trace of Pd60Si8Cu32 and 
corresponding phase transition temperatures are listed in Table 10. The equilibrium 
phases treated below the first peak locating at 1018K has been shown to be a single B2 
phases. The sample treated at 1033K (Figure 4-6(a)) exhibits two-phase equilibrium: B2 
and liquid phases. Beside B2 and liquid phases, fcc phase is another equilibrium phase at 
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1148K by backscattering imaging (Figure 4-6(b)) and XRD pattern (red line in Figure 4-
6(e)). In fact, a continuous endothermic event is observed in DSC heating trace, starting 
from 1013K and ending at 1293K. It thus can be concluded that this continuous 
endothermic event corresponds to a univariate peritecitic transition: fcc+liquid=B2, 
because fcc phase disappears gradually with the processing of this continue exothermic 
event. Also, fcc phase is found to be around by B2 phase, a typical peritectic 
microstructure, to support this conclusion, as Figure 4-6(b) shown. Finally, fcc and 
liquid phase is observed as stable phase in the backscatter imaging (Figure 4-6(c)) of this 
sample heated at 1323K. Although the B2 phase’s peaks are still present in the XRD 
pattern of the samples heated at 1323K (purple line in Figure 4-6(e)), these phases form 
from liquid phase during quench rather than stable phases at this annealing temperature, 
as no bulk but dendritic B2 phases are observed in Figure 4-6(c). 
Meanwhile, the heating DSC trace of Pd70Si10Cu20 also shows several peaks. It has 
been proved that B2 and bcc are equilibrium phases with nano-scale structure in this 
samples from 988K to 1018K, while bcc phase is not stable below 988K. The 
equilibrium phases are B2, bcc and liquid phases at 1033K, as Figure 4-7(a) shown. 
Once the heat treatment temperature is increased to 1088K, and fcc phase is found to be 
equilibrium with B2 and liquid phases in Figure 4-7(b). The peak occurring at 1078K is 
thus related to the formation of bcc phase in Pd-rich corner. At last, the backscatter 
imaging in Figure 4-7(c) and DSC results listed in Tabel 10 shows the equilibrium 
phases from 1200K to 1338K are fcc and liquid phases. 
The equilibrium phases and their composition of other seven samples: Pd45Si15Cu40, 
Pd50Si13Cu37, Pd27Si10Cu63, Pd15Si15Cu70, Pd25Si25Cu50, Pd50Si40Cu10 and Pd50Si2.5Cu47.5 
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at different heat treatment temperature are list in Table 9. And the DSC results showing 
the phase transition temperature of these samples and their determined primary 
crystalline phases are list in Table 10. Firstly, there are three endothermic events 
detected in heating DSC trace of Pd45Si15Cu40. The last liquid became solid phases at 
1153K since all the phases found at 1013K are solid. When the anneal temperature 
increases to 1163K that is between the first and second peaks, B2, Pd2Si and liquid 
phases are stable, as list in Table I. Thus, the continuous endothermic event starting 
from 1153K to 1183K shows a three-phase field of B2, Pd2Si and liquid phase. The third 
peak is related to the crystallization of primary phase that is Pd2Si phase determined 
through careful examination the microstructure of casting sample. Then, Pd50Si13Cu37 
and Pd27Si10Cu63 are in tie-lines of Pd2Si, B2 phases and Pd2Si, fcc phases, respectively, 
and the primary phases for both two compositions can be determined from their casting 
samples. Thirdly, Pd15Si15Cu70 and Pd25Si25Cu50 are in tie-triangles of Pd2Si, fcc, Cu15Si4 
phases and Pd2Si, Cu15Si4, Cu19Si6 phase at 1013K, while they are in a tie-lines of fcc, 
liquid phases and Pd2Si, liquid phases once the heat treatment temperature increase to 
1103K. Pd50Si40Cu10 is in two different three-phase fields at 973 and 1013K:  Pd2Si, 
Cu19Si6, dia-Si phases at 973K and Pd2Si, Cu19Si6, liquid phases at 1013K. An invariant 
eutectic, liquid=Cu19Si6+dia-Si+Pd2Si at 983K, can be determined because this 
temperature is the lowest phase transition temperature involving liquid phase. The 
identification of Cu19Si6 phase is from the composition measurement since the crystal 
structure of this phase hasn’t been studied. Although both Cu15Si4 and Cu19Si6 phase can 
dissolve lots of Palladium that just substitute copper, Cu15Si4 and Cu19Si6 phase can be 
distinguished from Silicon contain because Palladium just substitutes copper in both 
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phases. At last, Pd50Si2.5Cu47.5 are annealed at 1013K and the stable phases at this 
temperature are B2 and fcc phases. This measurement completes the phase boundary of 
B2 phase at 1013K. 
3. Thermodynamic modeling 
The phase equilibria for Pd-Si-Cu ternary system are described here using a standard 
semi-empirical solution-based modeling approach. A total of 18 phases are included in 
current database. The total Gibbs free energy for any phase, 𝜙, is generally given by the 
sum of three contribution, 
      (3.1) 
where the subscript, m, indicates that all terms are molar quantities. The first term in Eq. 
is the sum of occupancy-weighted sublattice end member contribution, while the second 
and third terms are ideal and excess parts of the Gibbs free energy of mixing, 
respectively. Thermodynamic function for the pure element states are taken from the 
Ref[26], as listed in Table 11. The thermodynamic models for different phases are 
detailed briefly below and list in Table 12. 
The chemical short-range order (CSRO) in Pd-Si-Cu ternary liquid is still considered 
as Pd2Si that is the CSRO in Pd-Si binary liquid[27], since no report related to ternary 
CSRO is available. Two evidences support this treatment: the high melting temperature 
of Pd2Si phase demonstrates its high relative stability, and the nadir of mixing enthalpies 
of ternary liquid at 1600K is consistent with this composition[11]. A four-species (Cu, 
Pd, Pd2Si, Si) association model is thus employed for the thermodynamic description of 
liquid phase list in Table 12, where is the molar fraction of species. The excess Gibbs 
free energy of mixing for liquid phase is express as following: 
Gmϕ = refGmϕ + idGmϕ + exGmϕ
yi
exGmliq
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 (3.2a) 
                 (3.2b) 
                         (3.2c) 
The first term describes the binary interaction and the parameters are available from 
Ref.[13, 28, 29]. The second and third terms are ternary interaction expressed as 4-3.2b 
and 4-3.2c. The terminal solution phases, including fcc, bcc, hcp and dia, are treated as 
regular solution model with both binary and ternary interaction parameters for excess 
Gibbs free energy. For bcc phase, in addition to ternary interaction parameters, binary 
interaction parameters,  and , which will be determined from first-principle 
calculation, are included to ensure this phase is stable in Pd-rich corner described in 
section 4-2, although bcc phase is not stable in both Cu-Pd and Pd-Si system. According 
to the thermodynamic models in three binary systems and experiment observation in this 
work, the intermetallic phases are treated with different thermodynamic models. Firstly, 
Pd5Si, Pd9Si2, Pd3Si, Pd2Si, PdSi, B2, Cu15Si4 and Cu19Si6 phases are treated as two-
sublattice solution model with formulae of (Pd, Si, Cu)m(Pd, Si, Cu)n. Because the 
solubility of Cu in Pd3Si phase is ignorable and no phase equilibria of PdSi phase is 
observed in this work, both phases follow the treatment form Pd-Si system[13]. The 
formula of (Pd,Si,Cu)(Pd,Si,Cu) and (Pd,Si,Cu)2(Pd,Si,Cu)  are used for B2 and Pd2Si 
phase because the third element can occupy both sublattices. Showing 1-2% solubility of 
Cu, Pd5Si and Pd9Si2 phases apply the two sublattice models of (Pd, Si, Cu)5(Pd, Si) and 
(Pd, Si, Cu)9(Pd, Si)2, respectively. The thermodynamic description of Cu15Si4 and 
Cu19Si6 phases are treated as (Cu, Pd)15(Si)4 and (Cu, Pd)19(Si)6 since Palladium can 
exGmliq = yi yj kLi, jliq + yCuyPd yPd2SiLCu,Pd,Pd2Si
liq + yCuyPd2SiySiLCu,Pd2Si,Si
liq
k=0∑j>i∑i∑
LPd,Pd2Si,Si
liq = yPd 0LPd,Pd2Si,Si
liq + yPd2Si
1LPd,Pd2Si,Si
liq + ySi 2LPd,Pd2Si,Si
liq
LPd2Si,Si,Cu
liq = y
Pd2Si
0LPd2Si,Si,Cu
liq + ySi 1LPd2Si,Si,Cu
liq + yCu 2LPd2Si,Si,Cu
liq
kLCu,Pdbcc kLPd,Sibcc
 72 
substitute Copper in both phases. The Gibbs free energy for there intermetallic phases 
are given in Tabel 12, where and  are the site fraction of first and second 
sublattice, respectively. The Gibbs free energy of formation  of end members i:j is 
treated as a constant that will be determined from first principle calculation if the crystal 
structure is available, otherwise it will be evaluated with experimental data.  is the 
excess Gibbs free energy with interaction parameters being assumed as  which 
will be evaluated with experimental data. Secondly, both Cu56Si11 and Cu33Si7 are model 
as stoichiometric compounds with the Gibbs free energy expressed as 
which are obtained from ref.[28]. Thirdly, the 
thermodynamic modeling for L12, 1D-LPS and 2D-LPS phases are discussed by Du et 
al[29], where they are modeled as ordered part of disordered fcc phase. The Gibbs free 
energy, ( =L12, 1D-LPS or 2D-LPS), for these three phases are stated as 
following[30-32]: 
                                                   (3.3a) 
               (3.3b) 
where is the Gibbs free energy of the disordered fcc phase as described in Table 12. 
is the ordering contribution to the Gibbs free energy, being described by Eq. 
(3.3b). is the Gibbs free energy contribution due to ordering with 
as described by the two-sublattice model in Table IV. When 
, represents the extraneous excess energy contribution to the 
yI yII
ΔGi: jΦ
exGmΦ
aΦ + bΦT
GmΦ = ΔGCupSiq
Φ + p 0GCufcc + q 0GSidia
GmΦ Φ
GmΦ =Gmfcc +ΔGmord (i : j)
ΔGmord (i : j) =Gmord (i : j)yiI yiII −Gm
ord (i : j)xi=yiI=yiII
Gmfcc
ΔGmord (i : j)
Gmord (i : j)
xi = 3yiI / 4+ yiII / 4
xi = yiI = yiII Gmord (i : j)
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disorder part. Thus must be zero when the phase is disordered. , , 
and is the parameter for . 
In order to favor the stability of the ordered phase to disorder transit in certain 
temperature and composition ranges,  should always have an extremum when
. When the disordered phase is stable, this extremum is minimum. Hence, 
the following equation has to be fulfilled[31, 32]: 
                                      (3.4) 
Form this equation, the parameters , , and can be expressed by u1, u2, u3, 
u4, and u5, as shown in Table 12. The detail deviation of this expression can be found in 
Ref.[31, 32]. 
4. First-principle calculation 
To determinate the Gibbs free energy of formation end-members, their zero-Kelvin 
energies were calculated by means of VASP[33-35] employing Vanderbilt ultrasoft 
pseudopotential[36] and the generalized gradient approximation (GGA)[37] with the 
high precision choice. For the stable structures, we fully relaxed the volume, the cell 
shape, and the internal atomic coordinates while for the unstable structures of the end-
members we only relaxed the cell volume to maintain the unit cell structures to their 
stable phases.  
The enthalpy of formation, , for a given compound Φ is calculated as the 
difference between the energy  of the compound and linear combination of the pure 
element reference state energies, ,  and ,  
Gmord (i : j) 0Gi: jord kLi, j:lord
kLi: j,lord Gmord (i : j)
GmΦ
xi = yiI = yiII
(dGmΦ ) = (
∂GmΦ
yi(s)s
∑
i
∑ )xi dyi(s) = 0
0Gi: jord kLi, j:lord kLi: j,lord
ΦΔ fH
Φ
TOTE
fcc
CuE
fcc
PdE
dia
SiE
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     (4.1) 
where  is the mole fraction of component i in . The calculated enthalpies of 
formation of the compounds are listed in Table 14.   
The enthalpies of formation of the end-members Cu9Si2 of the Pd9Si2 phase, Pd2Cu 
of Pd2Si, PdSi of B2 phase, Pd15Si4 of the Cu15Si4 phase are negative indicating that the 
third components extend these phases into ternary composition ranges that consist with 
the experimental data in Figure 4-9. 
To evaluate the Gibbs free energy of the bcc solution phase, their enthalpies of 
mixing were calculated with first-principles approach, using 16-atom Quasirandom 
Structures (SQSs)[38, 39]. The concept of SQS was proposed by Zunger et al.[39] to 
mimic a random solution phase by reproducing the pair and multiple-body correlations 
using a small-sized supercell. The bcc[40] SQS solution structure was employed in this 
work. The energetics of the bcc-SQS at compositions of Pd50Si50, Pd75Si25, Pd50Cu50, 
and Pd25Cu75 were computed using the GGA pseudopotentials with VASP[33]. Similar 
to the unstable end-members of the compounds, we only relax the cell volumes of the 
bcc-SQS. The calculated enthalpy of mixing for the φ phase are listed in Table 14 and 
plotted in Figure 4-8(e-f).   
5. Determination of the thermodynamic model parameters 
The parameter evaluation for this system incorporates the experimental data and 
first-principle calculation. This process was begun by considering the liquid phase, 
where a four-species (Pd, Pd2Si, Si, Cu) association model is employed. In addition to 
binary interaction parameters those are available from Ref.[13, 28, 29], six ternary 
dia
SiSi
fcc
PdPd
fcc
CuCuTOTf ExExExEH
ΦΦΦΦΦΔ −−−=
Φ
ix Φ
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interaction parameters with expression of , list in Table 16, are used to 
describe the thermodynamic properties of liquid phase. are firstly evaluated with 
thermochemical data reported by Arpshofen[28]. Through addition of third elements 
into three binary bath substrates, three groups of mixing enthalpies of liquid phase were 
measured. For comparison, these three different groups of experimental data are plotted 
in same figure by linear extrapolation. According to Figure 4-8(a-e), although the 
calculated values show large deviation from the mixing enthalpies measured from 
adding Si into Cu-Pd, they are in good agreement with the mixing enthalpies measured 
from adding Cu into Pd-Si and Pd into Cu-Si. Taking phase equilibria results reported in 
section 4-2 into account, especially the invariant reactions determined from Pd76Si15Cu5, 
Pd65Si25Cu10, and Pd45Si15Cu40, , , and  are evaluated. 
The thermodynamic parameters for terminal solid solution phases are evaluated next. 
The parameters of the hcp solution phase are taken from Cu-Si binary system, since no 
experimental data related to this phase is found in ternary system. As ignorable 
solubility of Cu and Pd found in dia-Si phase, no interaction parameter is used for this 
phase. For fcc phase, a positive ternary interaction parameter, , is used, because 
the binary interaction parameters from three sub-systems predict a ternary fcc phase field 
that is too expansive in Cu-rich part. Both binary and ternary interaction parameters for 
bcc phase are used and evaluated in this work. Firstly, since bcc phase is a stable phase 
in Cu-Si system, the binary interaction parameters between Cu and Si are obtained from 
Ref[28]. In addition, because bcc phase is stable at Pd-rich part in ternary system with a 
composition and temperature range, five parameters including 
kai, j,lliquid + kbi, j,lliquidT
kai, j,lliquid
0bCu,Pd,Pd2Si
liquid 1bCu,Pd,Pd2Si
liquid 2bCu,Pd,Pd2Si
liquid
0LCu,Pd,Sifcc
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and , with expression of  are 
considered. and  are evaluated with the formation of enthalpies 
of bcc phase at specific composition point: Pd50Si50, Pd75Si25, Cu50Pd50, and Cu25Pd75, 
calculated by first-principle calculation in section 4-3, and the results are shown in 
figure 4-8(f) and (g). The other parameters including ternary interaction and temperature 
dependent term are determined from phase equilibria relate to bcc phase in section 2, 
such as experiments for Pd70Si10Cu20. 
Since no experimental data from both literature and this work shows phase equilibria 
of L12, 1D-LPS, 2D-LPS, Cu56Si11, Cu33Si7 and PdSi phases in ternary system, the 
thermodynamic parameters for these phases are obtained from associated binary systems 
without ternary interaction. Pd3Si is modeled without ternary interaction due to the 
ignorable solubility of Cu. Because B2, Pd2Si Pd9Si2, Pd5Si, Cu15Si4, and Cu19Si6 phases 
show solubility of third component, Gibbs free energy of formation  of end members 
i:j related to third component, which is expressed as , and  the interaction parameters 
between different end member treated as  or need 
to be incorporated and evaluated in this work. With addition of Silicon, B2 phase extends 
from Cu-Pd system to ternary with very wide composition range. Thus, the formula of 
(Pd,Si,Cu)(Pd,Si,Cu) with two equivalent sublattices is used for B2 phase. In addition to
, , and  that is evaluated in Ref.[29],  and are determined 
with first principle results, while are the Gibbs free energy difference between bcc-
Si and dia-Si. Considering the measured composition range at 1013K of B2 phase that is 
closed to Cu-Pd binary system and extends toward Pd-corner, five interaction 
0LPd,Sibcc , 1LPd,Sibcc , 0LCu,Pdbcc , 1LCu,Pdbcc 1LCu,Pd,Sibcc ai, j,(k )bcc + bi, j,(k )bcc T
0aPd,Sibcc , 1aPd,Sibcc , 0aCu,Pdbcc 1aCu,Pdbcc
Gi: jΦ
ai: jΦ
kai, j,(k ):kΦ + kbi, j,(k ):kΦ T kai:(i), j,kΦ + kbi:(i), j,kΦ T
aCu:PdB2 aPd:PdB2 aSi:SiB2 aPd:SiB2 aCu:SiB2
aSi:SiB2
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parameters, , , , , and are employed and their values 
are evaluated with phase experiment results, such as the univariant peritectic 
Liquid+fcc=B2 at 1293K for Pd60Si8Cu32. The parameter evaluation for the other five 
phases is similar as B2 phase. But is evaluated from experiments rather than first 
principle due to the unknown crystal structure of Cu19Si6 phase. 
In summary, 35 parameters are evaluated in this work from both first-principle 
calculation and experiments, and the results are summarized in Table 16. The calculated 
phase diagrams using present thermodynamic model list in Table 15 and 16 are shown in 
Figure 4-9, 10, 11, including the isothermal sections at different temperatures phase 
equilibria data, representative isopleths section with DSC results, liquid surfaces for the 
whole composition and Pd-rich part with primary phases determined from experiments. 
The reaction scheme, showing invariant eutectics, U-type and P-type peritectics, are 
summarized in Table 17. Reliability of thermodynamic database for this ternary system 
arises from comparing calculated phase diagram with experiments. 
6. Summary 
Toward the development of a robust thermodynamic database for the Pd-Si-Cu ternary 
system, a series of experimental measurement is performed in this work. Several alloys 
are annealed at 1013K first and characterized by different experimental method to obtain 
the phase equilibria data at this temperature. According to DSC measurement on 1013K 
heat-treated samples, other heat treatment temperatures are then selected to investigate 
phase stability at different temperatures and compositions. Liquid phase, solution phases 
and intermetallic phases are described using different thermodynamic models. The 
applied end members for two-sublattice model are determined from composition 
0LPd ,Si:PdB2 0LSi:Pd ,SiB2 0LPd:Cu,SiB2 1LPd:Cu,SiB2 0LPd:Cu,Pd ,SiB2
aPd:SiCu19Si6
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measurements, and their enthalpies of formation are calculated by DFT theory. The 
semi-empirical thermodynamic model parameters are determined using experimental 
data and first-principles calculations. The resulting phase diagrams, including isothermal 
sections, isopleth sections, and liquid surfaces, are reported. 
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Table 9:  EPMA measured phase composition 
Comp. 
(at%) 
Treat 
(K) 
 Measured composition Phase Lattice parameters(nm)  Pd Si Cu 
Pd80Si15Cu5 
1013 
Exp. 74.4/0.18 1.6/0.02 24.0/0.17 fcc - Cal. 80.2 0.1 19.7 
Exp. 83.0/0.21 15.9/0.13 1.1/0.12 Pd5Si 
a=0.8465; b=0.7485;  
c=0.5555 Cal. 81.6 16.3 2.1 
Exp. 81.7/0.11 18.2/0.09 0.12/0.06 Pd9Si
2 
a=0.9053; b=0.7416;  
c=0.9401 Cal. 79.7 18.2 2.1 
1033 
Exp. 76.0/0.01 1.9/0.00 22.1/0.00 fcc - Cal. 87.4 0.1 12.5 
Exp. 82.5/0.34 16.0/0.11 1.5/0.41 Pd5Si - Cal. 82.1 16.3 1.6 
Exp. 76.9/0.02 15.6/1.48 7.4/1.18 liquid - Cal. 79.4 14.6 6.0 
Pd77Si15Cu8 1013 
Exp. 80.4/0.09 18.2/0.06 1.4/0.09 Pd9Si
2 
a=0.8962; b=0.7343; 
 c=0.9307 Cal. 79.3 18.2 2.5 
Exp. 63.4/0.35 7.5/0.09 29.1/0.30 B2 a=0.2983 Cal. 58.6 6.9 34.5 
Exp. 71.4/0.20 9.3/0.08 19.4/0.14 B2 
+bcc - Cal. 74.2 8.2 17.6 
Pd76Si9Cu15 
973 
Exp. 72.1/0.36 1.5/0.13 26.4/0.42 fcc a=0.3800 Cal. 77.7 0 22.3 
Exp. 60.1/0.21 6.8/0.13 33.1/0.18 B2 a=0.2983 Cal. 58.5 6.8 34.7 
Exp. 80.7/0.23 18.0/0.18 1.3/0.37 Pd9Si
2 
a=0.8990; b=0.7365;  
c=0.9335 Cal. 79.5 18.2 2.3 
1013 
Exp. 73.8/0.30 1.8/0.03 24.4/0.27 fcc a=0.3828 Cal. 79.4 0 20.6 
Exp. 73.4/0.12 9.6/0.03 17.0/0.1 bcc a=0.2983 Cal. 74.8 8.0 17.2 
Exp. 81.0/0.93 17.5/0.56 1.5/0.39 Pd9Si
2 
a=0.8990; b=0.7365; 
 c=0.9335 Cal. 79.7 18.2 2.1 
1033 
Exp. 74.2/0.19 1.8/0.02 24.0/0.20 fcc a=0.3828 Cal. 78.6 0 21.4 
Exp. 78.1/1.20 14.3/0.50 7.6/1.52 liquid - Cal. 77.9 14.4 7.2 
Pd75Si20Cu5 
1013 
Exp. 80.4/0.15 18.2/0.15 1.4/0.20 Pd9Si
2 
a=0.8944; b=0.7328; 
c=0.9288 Cal. 79.1 18.2 2.7 
Exp. 75.9/0.11 24.1/0.11 0/0.00 Pd3Si 
a=0.5735; b=0.7555; 
c=0.5260 Cal. 75.0 25.0 0 
Exp. 59.3/0.16 7.2/0.04 33.5/0.18 B2 a=0.2983 Cal. 58.3 6.9 34.8 
1033 
Exp. 75.3/0.14 24.5/0.14 0.20/0.05 Pd3Si 
a=0.5735; b=0.7555; 
c=0.5260 Cal. 75.0 25.0 0 
Exp. 77.7/0.23 15.0/0.14 7.3/0.31 liquid - Cal. 76.3 15.2 8.5 
Pd50Si13Cu37 1013 
Exp. 45.5/0.16 8.7/0.04 45.8/0.14 B2 a=0.2960 Cal. 48.2 7.3 44.5 
Exp. 64.8/0.18 30.6/0.13 4.6/0.11 Pd2Si 
a=0.6455 
c=0.3450 Cal. 66.5 30.3 3.2 
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Table 9 continued: EPMA measured phase composition 
Comp. 
(at%) 
Treat 
(K) 
Measured composition Phase Lattice  parameter(nm)  Pd Si Cu 
Pd65Si25Cu10 
1033 
Exp. 50.1/0.21 8.9/0.24 41.0/0.40 B2 a=0.2960 Cal. 47.4 7.6 45.0 
Exp. 74.9/0.51 24.8/0.40 0.3/0.10 Pd3Si 
a=0.5735; b=0.7555; 
c=0.5260 Cal. 75.0 25.0 0 
Exp. 65.8/0.57 29.5/1.28 4.8/0.84 Pd2Si 
a=0.6400 
c=0.3540 Cal. 66.7 30.0 3.3 
1178 
Exp. 63.1/0.79 19.6/0.49 17.3/0.54 liquid - Cal. 60.5 19.1 20.4 
Exp. 75.0/0.08 25.0/0.08 0.00/0.00 Pd3Si 
a=0.5735; b=0.7555; 
c=0.5260 Cal. 75.0 25.0 0 
Exp. 66.9/0.13 29.3/0.07 3.85/0.10 Pd2Si 
a=0.6400 
c=0.3540 Cal. 66.5 30.3 3.2 
Pd60Si8Cu32 
1013 Exp. 60.8/0.41 7.5/0.07 31.6/0.46 B2 a=0.3010 Cal. 58.3 6.9 34.8 
1033 
Exp. 60.4/0.14 6.9/0.04 32.7/0.13 B2 a=0.3010 Cal. 58.2 6.9 34.9 
Exp. 78.1/0.42 15.9/0.41 6.0/0.74 liquid - Cal. 76.4 15.2 8.4 
1248 
Exp. 58.4/0.63 1.2/0.02 40.4/0.61 fcc a=0.3795 Cal. 55.7 0 44.3 
Exp. 55.4/0.54 5.6/0.06 39.0/0.49 B2 a=0.3010 Cal. 54.9 5.9 39.2 
Exp. 65.3/1.75 10.1/0.84 24.6/2.59 liquid - Cal. 70.0 12.3 17.7 
1323 
Exp. 55.3/0.28 1.0/0.11 43.7/0.28 fcc a=0.3795 Cal. 50.5 0 49.5 
Exp. 63.5/1.55 10.0/1.01 26.5/1.88 liquid - Cal. 62.9 10.2 26.9 
Pd70Si10Cu20 
1013 Exp. 70.1/0.15 9.3/0.04 20.6/0.14 B2 +bcc 
aB2=0.3010 
abcc=0.3030 Cal. 74.2 8.1 17.7 
1033 
Exp. 70.6/0.11 9.4/0.09 20.0/0.13 bcc a=0.3030 Cal. 74.2 8.2 17.6 
Exp. 62.2/0.12 7.65/0.78 30.2/0.90 B2 a=0.3010 Cal. 58.5 6.8 34.7 
Exp. 77.0/1.19 15.9/0.92 7.1/0.05 liquid - Cal. 76.9 14.6 8.5 
1088 
Exp. 61.7/0.16 7.1/0.06 31.3/0.11 B2 a=0.3010 Cal. 58.1 6.6 35.3 
Exp. 68.6/0.07 1.9/0.13 29.5/0.05 fcc a=0.3795 Cal. 70.0 0 30.0 
Exp. 77.6/0.73 15.1/0.65 7.3/0.50 liquid - Cal. 76.2 13.9 9.9 
1323 
Exp. 65.0/0.34 1.4/0.12 33.5/0.33 fcc a=0.3795 Cal. 59.3 0 40.7 
Exp. 70.0/0.97 10.9/1.2 19.1/2.1 liquid - Cal. 71.0 10.9 18.1 
Pd50Si2.5Cu47.5 1013 
Exp. 50.9/0.48 0.7/0.84 48.4/0.41 fcc a=0.275 Cal. 52.6 0 47.3 
Exp. 49.0/0.10 3.7/0.06 47.3/0.15 B2 a=0.2955 Cal. 49.4 3.1 47.5 
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Table 9 continued: EPMA measured phase composition 
Composition 
(at%) 
Treat 
(K) 
 Measured composition Phase Lattice Parameters(nm)  Pd Si Cu 
Pd45Si15Cu40 
 
1013 
Exp. 21.4/0.16 1.2/0.19 77.4/0.35 fcc a=0.3655 Cal. 20.8 0.2 79.0 
Exp. 40.8/0.32 8.9/0.36 50.3/0.66 B2 a=0.2800 Cal. 42.5 50.5 7.0 
Exp. 64.1/0.32 31.0/0.19 4.9/0.45 Pd2Si 
a=0.6455 
c=0.3450 Cal. 66.4 30.5 3.1 
1163 
 
Exp. 41.7/0.08 9.3/0.04 49.0/0.09 B2 a=0.2800 Cal. - - - 
Exp. 63.8/1.51 30.2/1.69 5.97/1.20 Pd2Si 
a=0.6455 
c=0.3450 Cal. 66.3 30.5 3.2 
Exp. 44.3/3.07 15.4/0.58 40.4/3.35 liquid - Cal. 46.9 14.0 39.1 
Pd27Si10Cu63 1013 
Exp. 13.6/0.14 1.4/0.03 85.0/0.13 fcc a=0.3632 Cal. 12.7 2.1 85.2 
Exp. 62.4/0.23 31.6/0.15 6.0/0.21 Pd2Si 
a=0.648 
c=0.338 Cal. 65.5 31.3 3.2 
Pd15Si15Cu70 
1013 
Exp. 5.8/0.06 8.5/0.05 85.7/0.07 fcc a=0.3512 Cal. 5.3 8.3 86.3 
Exp. 58.6/0.44 32.0/0.18 9.4/0.54 Pd2Si 
a=0.6495 
c=0.3433 Cal. 62.6 32.3 5.1 
Exp. 16.3/0.08 19.8/0.06 63.9/0.08 Cu15Si4 a=0.9694 Cal. 15.9 21.0 63.1 
1103 
Exp. 6.0/0.21 8.1/0.27 85.8/0.47 fcc a=0.3512 Cal. 6.0 8.0 86.0 
Exp. 17.6/0.35 17.3/0.31 65.1/0.64 liquid - Cal. 17.0 16.6 66.4 
Pd25Si25Cu50 
1013 
Exp. 58.8/0.20 32.9/0.06 8.3/0.16 Pd2Si 
a=0.6495 
c=0.3433 Cal. 61.3 32.8 5.9 
Exp. 13.4/0.05 19.9/0.05 66.7/0.05 Cu15Si4 a=0.9694 Cal. 12.7 21.0 66.3 
Exp. 16.4/0.10 25.6/0.05 58.0/0.11 Cu19Si6 - Cal. 13.4 24.0 62.6 
1103 
Exp. 58.6/1.08 32.7/0.34 8.7/1.39 Pd2Si 
a=0.6495 
c=0.3433 Cal. 61.1 32.9 6.0 
Exp. 24.1/0.21 24.7/0.10 51.2/0.23 liquid - Cal. 22.7 24.5 52.9 
Pd50Si40Cu10 
973 
Exp. 57.4/0.12 33.2/0.07 9.4/0.07 Pd2Si 
a=0.6214 
c=0.3480 Cal. 59.3 33.4 7.3 
Exp. 13.7/0.70 26.4/0.42 59.9/0.95 Cu19Si6 - Cal. 9.7 24.0 66.3  
Exp. 0/0.00 99.9/0.04 0.1/0.04 dia-Si a=0.111 Cal. 0 1 0 
1103 
Exp. 57.5/0.15 33.1/0.06 9.2/0.11 Pd2Si 
a=0.6214 
c=0.3480 Cal. 59.6 33.5 6.9 
Exp. 0.0/0.01 99.9/0.04 0.1/0.04 dia-Si a=0.111 Cal. 0 1 0 
Exp. 22.4/2.27 38.3/3.23 39.3/2.92 liquid - Cal. 27.4 35.5 37.1 
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Table 10: DSC results and primary phases 
Overall 
compositions 
Temperature of phase transition in DSC(K) Primary 
phase I II III IV Liquidius 
Pd80Si15Cu5 1018 - - - 1071 Pd5Si+fcc 
Pd77Si15Cu8 986 - - - 1018 Eutectics 
Pd76Si9Cu15 988 1018 - - 1103 fcc 
Pd75Si20Cu5 1019 - - - 1243 Pd3Si 
Pd60Si8Cu32 1018 - - 1293 1353 fcc 
Pd70Si10Cu20 986 1018 1073 1200 1338 fcc 
Pd50Si2.5Cu47.5 1326 - - - 1083 fcc 
Pd65Si25Cu10 1168 - - - 1408 Pd2Si 
Pd50Si13Cu37 1197 - - - 1280 B2 
Pd45Si15Cu40 1153 1183 - - 1196 Pd2Si 
Pd27Si10Cu63 1150 - - - 1258 fcc 
Pd15Si15Cu70 1033 - - - 1153 fcc 
Pd25Si25Cu50 1047 1055 - - 1160 Pd2Si 
Pd50Si40Cu10 973 1136 - - 1378 Pd2Si 
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Table 11: Coefficients for the standard Gibbs free energies of pure Pd, Si and Cu 
elements in the relevant phases. Each Gibbs free energy is described as
 
       
Tmin 298 600 1828.5 298 600 1828.5 
Tmax 600 1828.5 4000 900 1828.5 4000 
 - - - - - - 
a0 1303.037 23392.81 -12375.903 -10204.027 917.062 -67256.956 
a1 170.965792 -116.745522 251.420646 176.076315 49.659893 370.497818 
a2 -32.211 10.8666189 -41.17 32.211 -13.5708 
-
54.2560279 
a3*10-2 0.7120975 -2.7246584 - 0.7120975 -0.717522 0.021017 
a4*10-6 -1.919875 2.428271 - -1.919875 -1.91115 -0.063199 
a5*10-21 - - - - - - 
a6 168687 -1852450 - -168687 -1112465 18715959 
a7*1030 - - - - - - 
       
Tmin 298 298 298 1687 298 1687 
Tmax 4000 4000 1687 3600 1687 3600 
   - - - - 
a0 10500 2000 42533.751 40370.424 -8162.609 -9457.642 
a1 -1.8 0.1 107.13742 137.722298 137.227259 167.271767 
a2 - - -22.8317533 -27.196 
-
22.8317533 -27.196 
a3*10-2 - - -0.1912904 - -0.1912904 - 
a4*10-6 - - -0.003552 - -0.003552 - 
a5*10-21 - - 2.0931 - - - 
a6 - - 176667 - 176667 - 
a7*1030 - - - - - -4.2037 
    
Tmin 298 298 298 
Tmax 3600 3600 3600 
 5100+21.8T+  47000-22.5T+  49200-20.8T+  
       
Tmin 298 1357.77 298 1357.77 298 298 
Tmax 1357.77 4000 1357.77 4000 3200 3200 
 - - - -   
a0 5194.277 -46.545 -6660.458 -13542.026 4017 600 
a1 120.973331 173.881484 130.485235 183.803828 -1.255 0.2 
a2 -24.11292 -31.38 -24.11292 -31.38 - - 
a3*10-2 0.265684 - 0.265684 - - - 
a4*10-6 -0.129223 - -0.129223 - - - 
a5*10-21 -5.849 - - - - - 
a6 52478 - 52478 - - - 
a7*1030 - - - 0.364167 - - 
 
 
0Giθ = refGiθ + a0 + a1T + a2T lnT + a3T 2 + a4T 3 + a5T 7 + a6T −1 + a7T −9
0GPdliq 0GPdfcc
0Gref
0GPdbcc 0GPdhcp 0GSiliq 0GSidia
0Gref 0GPdfcc 0GPdfcc
0GSifcc 0GSibcc 0GSihcp
0GSiθ 0GSidia 0GSidia 0GSidia
0GCuliq 0GCufcc 0GCubcc 0GCuhcp
0Gref 0GCufcc 0GCufcc
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Table 12: Summary of Firstly principle results 
Phase prototype 
Space 
group 
(No.) 
Formula 
First-principles 
∆H, kJ/mol 
Pd5Si Pd5Si P1211 (4) 
Cu5Si 3.31 
Cu5Pd 17.4 
Pd9Si2 Pd9Si2 Pnma (62) 
Cu9Si2 -0.988 
Cu9Pd2 20.9 
Pd2Si Fe2Si 
P-62m 
(189) 
Cu2Cu 19.2 
Cu2Pd 14.7 
Pd2Cu -8.32 
Cu2Si 11.0 
Si2Cu 31.5 
B2 CsCl Pm3m PdSi -26.4 CuSi 32.4 
bcc W Im3m 
PdSi -11.0 
Pd3Si -22.8 
PdCu -8.61 
Pd3Cu -6.89 
Cu15Si4 Cu15Si4 Fm3m Pd15Si4 -36.6 
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Table 13: Summary of the thermodynamic models used for Pd-Si-Cu ternary system 
Phase Prototype Method(Formulation) Model 
Liquid - Association model (Pd, Pd2Si, Si, Cu) 
 
 
 
 
 
 
(i, j=Cu,Pd, Pd2Si,Si) 
yi is mole fraction of species i 
fcc Cu 
Solution model 
 
 
 
 
bcc Fe 
hcp Co 
dia C 
  Two-sublattice model  
Pd5Si Pd5P (Pd,Si,Cu)0.833(Pd,Si)0.167 
 
 
 
 
 (p and q are subscript values in formulation) 
Pd9Si2 Pd9Si2 (Pd,Si,Cu)0.818(Pd,Si)0.182 
Pd3Si Fe3C (Pd,Si)0.75(Pd,Si)0.25 
Pd2Si Fe2Si 
(Pd,Si,Cu)0.667(Pd,Si,Cu)0.
333 
PdSi MnP (Pd,Si)0.5(Pd,Si)0.5 
B2 CsCl (Pd,Si,Cu)0.5(Pd,Si,Cu)0.5 
Cu15Si4 Cu15Si4 (Cu,Pd)0.789(Si)0.211 
Cu19Si6 - (Cu,Pd)0.76(Si)0.24 
  Stoichiometric model  
   Cu56Si11 - (Cu)0.836(Si)0.144  
(p and q are subscript values in formulation)  Cu33Si7 - (Cu)0.825(Si)0.175 
  Ordered-disorder model  
L12 Au3Cu (Cu,Pd)0.75(Cu,Pd)0.25 
[29] 1D-LPS Cu3Pd (Cu,Pd)0.75(Cu,Pd)0.25 
2D-LPS Cu3Pd (Cu,Pd)0.75(Cu,Pd)0.25 
 
ref Gmliq =
1
1+ 2yPd2Si
yii=Cu,Pd,Pd2Si,Si∑
0Giliq
0GPd2Si
liq = 2 0GPdliq + 0GSiliq +ΔGPd2Si0
idGmliq =
RT
1− 2yPd2Si
yi ln yii∑
exGmliq = yi yj kLi, jliqk=0∑j>i∑i∑
+yCuyPd yPd2SiLCu,Pd,Pd2Si
liq + yCuyPd2SiySiLCu,Pd2Si,Si
liq
LPd,Pd2Si,Si
liq = yPd 0LPd,Pd2Si,Si
liq + yPd2Si
1LPd,Pd2Si,Si
liq + ySi 2LPd,Pd2Si,Si
liq
LPd2Si,Si,Cu
liq = y
Pd2Si
0LPd2Si,Si,Cu
liq + ySi 1LPd2Si,Si,Cu
liq + yCu 2LPd2Si,Si,Cu
liq
refGmΦ = xi 0GiΦi=Pd,Si,Cu∑
idGmΦ = RT xi ln xii=Pd,Si,Cu∑
exGmΦ = xix jj>i∑i=Pd,Si,Cu∑
kLi, jΦk=0∑ (xi − x j )
k + xPd xSixCuLPd,Si,CuΦ
LPd,Si,CuΦ = xPd 0LPd,Si,CuΦ + xSi 1LPd,Si,CuΦ + xCu 2LPd,Si,CuΦ
refGmΦ = yiI yiII 0Gi: jΦi=Pd,Si,Cu∑i=Pd,Si,Cu∑
0Gi: jΦ = ΔGip jq
Φ + p 0Giref + q 0Gjref
idGmΦ = RT (pyiI ln yiI + qyiII ln yiII )i=Pd,Si,Cu∑
exGmΦ = yPdI ySiI yiII jLPd,Si:iΦj=0∑i=Pd,Si,Cu∑ (yPd
I − ySiI ) j
+yPdII ySiII yiI jLi:Pd,SiΦj=0∑i=Pd,Si,Cu∑ (yPd
II − ySiII ) j
+yPdI yCuI yiII jLPd,Cu:iΦj=0∑i=Pd,Si,Cu∑ (yPd
I − yCuI ) j
+yPdII yCuII yiI jLi:Pd,CuΦj=0∑i=Pd,Si,Cu∑ (yPd
II − yCuII ) j
+ySiI yCuI yiII jLSi,Cu:iΦj=0∑i=Pd,Si,Cu∑ (ySi
I − yCuI ) j
+ySiII yCuII yiI jLi:Si,CuΦj=0∑i=Pd,Si,Cu∑ (ySi
II − yCuII ) j
GmΦ = ΔGCupSiq
Φ + p 0GCufcc + q 0GSidia
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  Table 14: Thermodynamic model parameters (in SI unit) 
Phase Parameter Value (J/mol)  
liquid 
 -105332 
[13]  -63365 
 -41233 
 -61313.1+24.6779T 
[29] 
 -20581.8 
 -39729+4.278T 
[28]  -49747+15.454T 
 -35111+8.311T 
 -59620+90T 
This work 
 -284878+171T 
 -26973.7+65.8T 
 -145500 
 51880 
 22100 
 -258603+77.632T [13] 
fcc 
 -267130+84.465T 
[13] 
 -6500 
 -41305+26.591T 
[28] 
 -37829-33.805T 
 -44934.7+15.2935T 
[29] 
 -15771-4.4223T 
 72000 This work 
bcc 
 -26485+15.151T 
[28] 
 -85212-11.583T 
 -61142+40.5T 
This work 
 36000-20T 
 -144000 
 -144000+9T 
 -1220236+397T 
hcp 
 -30194+7.381T 
[28] 
 -62319-6.517T 
dia  109648.6+  [13] 
 
  
0LPd,Siliq
0LPd,Pd2Si
liq
0LPd2Si,Si
liq
0LCu,Pdliq
1LCu,Pdliq
0LCu,Siliq
1LCu,Siliq
2LCu,Siliq
0LCu,Pd,Pd2Si
liq
1LCu,Pd,Pd2Si
liq
2LCu,Pd,Pd2Si
liq
0LCu,Pd2Si,Si
liq
1LCu,Pd2Si,Si
liq
2LCu,Pd2Si,Si
liq
ΔGPd2Si
0
0LPd,Sifcc
1LPd,Sifcc
0LCu,Sifcc
1LCu,Sifcc
0LCu,Pdfcc
1LCu,Pdfcc
0LCu,Pd,Sifcc
0LCu,Sibcc
1LCu,Sibcc
0LCu,Pdbcc
1LCu,Pdbcc
0LPd,Sibcc
1LPd,Sibcc
1LCu,Pd,Sibcc
0LCu,Sihcp
1LCu,Sihcp
ΔGPddia ΔGPdfcc
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Table 14 (continued)  
Phase Parameter Value (J/mol)  
Pd5Si 
 48686.6 
[13] 
 -39441+0.65Tln(T)+0.31036T 
 43174.59 
 6639.6 
 3312 
This work 
 17410 
 -33546 
[13] 
 14546 
 -70816.3+33.78T This work 
Pd9Si2 
 34454.45 
[13] 
 -42757+1.2991Tln(T)-
2.3023T 
 36649.54 
 62418.91 
 -988 
This work  20890 
 -66942.1+31.4T 
Pd3Si 
 30162.83 
[13] 
 -57900-
15.23186+3.4715Tln(T) 
 10600 
 1880 
Pd2Si 
 186725.7 
[13] 
 -65242.5+10.318T 
 169447.37 
 148096.3 
 19152 
This work 
 11028 
 31452 
 14652 
 -8321 
 -131909 [13] 
 -5666.7 
This work 
 9255.7 
 -6666.7 
 55520-40T 
 
 
ΔGPd:PdPd5Si
ΔGPd:SiPd5Si
ΔGSi:PdPd5Si
ΔGSi:SiPd5Si
ΔGCu:SiPd5Si
ΔGCu:PdPd5Si
0LPd:Pd,SiPd5Si
1LPd:Pd,SiPd5Si
0LPd,Cu:SiPd5Si
ΔGPd:PdPd9Si2
ΔGPd:SiPd9Si2
ΔGSi:PdPd9Si2
ΔGSi:SiPd9Si2
ΔGCu:SiPd9Si2
ΔGPd:CuPd9Si2
0LPd,Cu:SiPd9Si2
ΔGPd:PdPd3Si
ΔGPd:SiPd3Si
ΔGSi:PdPd3Si
ΔGSi:SiPd3Si
ΔGPd:PdPd2Si
ΔGPd:SiPd2Si
ΔGSi:PdPd2Si
ΔGSi:SiPd2Si
ΔGCu:CuPd2Si
ΔGCu:SiPd2Si
ΔGSi:CuPd2Si
ΔGCu:PdPd2Si
ΔGPd:CuPd2Si
0LPd,Si:PdPd2Si
0LPd,Cu:SiPd2Si
1LPd,Cu:SiPd2Si
0LPd:Cu,SiPd2Si
1LPd:Cu,SiPd2Si
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Table 14 (continued)  
Phase Parameter Value (J/mol)  
PdSi 
 35932.5 
[13] 
 -35329.5-4.777T 
 -35329.5-4.777T 
 45978.5 
 -24978.5 
B2 
 10500-1.8T 
[26]  600+0.2T 
 47000-22.5T 
 -26416.4 
This work 
 32431.6 
 -13723.2+1.86T 
[29]  -20533.5+5.7T 
 20533.5-5.7T 
 -32800 
This work 
 32800 
 -28500 
 -15937.5+87.5T 
 -497665+205T 
L12 
 5830.5 
[29] 
 -5830.5 
 -22286.9-5.2776T 
 4995.3+1.4817T 
 345.1-1.7592T 
 1665.1+0.4939T 
 5485.4-1.7592T 
 6865.7-5.2776T 
1D-LPS 
 3634.9 
 -3634.9 
 -9692.1-4.1571T 
 5093.4 
 1616.9-1.3857T 
 1697.8 
 -2019.1-1.3857T 
 8482.3-4.1571T 
 
 
 
 
ΔGPd:PdPdSi
ΔGPd:SiPdSi
ΔGSi:PdPdSi
ΔGSi:SiPdSi
0LPd,Si:PdPdSi
ΔGPd:PdB2
ΔGCu:CuB2
ΔGSi:SiB2
ΔGPd:SiB2 = ΔGSi:PdB2
ΔGCu:SiB2 = ΔGSi:CuB2
ΔGPd:CuB2 = ΔGPd:CuB2
0LCu,Pd:CuB2 = 0LCu:Cu,PdB2
0LCu,Pd:PdB2 = 0LPd:Cu,PdB2
0LPd:Si,PdB2 = 0LSi,Pd:PdB2
0LSi:Pd,SiB2 = 0LPd,Si:SiB2
0LCu,Si:PdB2 = 0LPd:Cu,SiB2
1LPd:Cu,SiB2
0LCu,Pd,Si:PdB2 = 0LPd:Cu,Pd,SiB2
ΔGPd:CuCu3Pd
ΔGCu:PdCu3Pd
0LCu,Pd:CuCu3Pd
1LCu,Pd:CuCu3Pd = 1LCu,Pd:PdCu3Pd
0LCu:Cu,PdCu3Pd
1LCu:Cu,PdCu3Pd = 1LPd:Cu,PdCu3Pd
0LPd:Cu,PdCu3Pd
0LCu,Pd:PdCu3Pd
ΔGPd:Cu1D−LPS
ΔGCu:Pd1D−LPS
0LCu,Pd:Cu1D−LPS
1LCu,Pd:Cu1D−LPS = 1LCu,Pd:Pd1D−LPS
0LCu:Cu,Pd1D−LPS
1LCu:Cu,Pd1D−LPS = 1LPd:Cu,Pd1D−LPS
0LPd:Cu,Pd1D−LPS
0LCu,Pd:Pd1D−LPS
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Table 14 (continued)  
Phase Parameter Value (J/mol)  
2D-LPS 
 5736-5.0640T 
 
 -5736.0+5.0640T 
 -17134.8+20.3137T 
 -3967.2+0.0193T 
 1936.4+0.0193T 
 -1322.4+3.2675T 
 -3799.6+5.0833T 
 11545.0-5.0061T 
Cu15Si4 
 -5142-3.909T [28] 
 -36551 
This work 
 -84911+67T 
Cu19Si6 
 -5065-4.508T [28] 
 -38000 
This work 
 -79079+63T 
Cu56Si11  -4014-3.978T 
[28] 
Cu33Si7  -2660-5.594T 
 
ΔGPd:Cu2D−LPS
ΔGCu:Pd2D−LPS
0LCu,Pd:Cu2D−LPS
1LCu,Pd:Cu2D−LPS = 1LCu,Pd:Pd2D−LPS
0LCu:Cu,Pd2D−LPS
1LCu:Cu,Pd2D−LPS = 1LPd:Cu,Pd2D−LPS
0LPd:Cu,Pd2D−LPS
0LCu,Pd:Pd2D−LPS
ΔGCu:SiCu15Si4
ΔGPd:SiCu15Si4
0LCu,Pd:SiCu15Si4
ΔGCu:SiCu19Si6
ΔGPd:SiCu19Si6
0LCu,Pd:SiCu19Si6
ΔGCu:SiCu56Si11
ΔGCu:SiCu33Si7
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Table 15: Reaction scheme showing invariant eutectic, U-type and P-type peritectic 
reaction.
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Figure 4-1: (a) and (b) Backscatter imaging showing observed microstructure in 
Pd80Si15Cu5 at 1018K and 1033K, respectively; (c) XRD pattern of Pd80Si15Cu5 heated at 
1013K. 
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Figure 4-2: (a) and (b) Backscatter imaging showing observed microstructure in 
Pd77Si15Cu8 at 1013K and 1033K, respectively; (c) XRD pattern of Pd77Si15Cu8 heated at 
1013K. 
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Figure 4-3: (a) and (d) Backscatter imaging showing observed microstructure in 
Pd76Si9Cu15 at 1013K and 973K, respectively; (c) and (e) XRD pattern of Pd77Si15Cu8 
heated at 1018K and 973K. (b) Bright-field imaging of Pd76Si9Cu15 at 1013K and 
Selected Area diffraction pattern of Area II showing single bcc phase exist in this 
sample at 1013K. 
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Figure 4-4: (a) and (b) Backscatter imaging showing observed microstructure in 
Pd75Si20Cu5 at 1013K and 1033K, respectively; (e) XRD pattern of Pd75Si20Cu5 at 
1013K. 
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Figure 4-5: (a) and (c) Backscatter imaging showing observed microstructure in 
Pd65Si25Cu10 at 1013K and 1178K, respectively; (b) XRD pattern of Pd65Si25Cu10 at 
1013K.  
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Figure 4-6: (a)-(c) Backscatter imaging showing observed microstructure in Pd60Si8Cu32 
at different temperature; (e) XRD pattern of Pd60Si8Cu32 at different temperature. 
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Figure 4-7: (a)-(c) Backscatter imaging showing observed microstructure in 
Pd70Si10Cu20 at different temperatures; (d) XRD pattern of Pd70Si10Cu20 at different 
temperature. 
 100 
 
 
Figure 4-8: (a)-(e) Mixing enthalpies of liquid phase as at 1600K computed using the 
present model in Table 14 and 15with experimental data from ref. [11]; mixing enthalpies 
of bcc phase at 298K for Pd-Si (f) and Pd-Cu (g) systems as computed using the present 
model in Table 14 and 15 with first-principle calculation results in Section 3.  
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Figure 4-9: Isothermal sections at different temperatures computed using the present 
model in Table 14 and 15with experimental data. 
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Figure 4-10: Representative Isopleth sections computed using the present model in Table 
14 and 15with experimental data. 
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Figure 4-11: liquid surface in the whole composition and Pd-rich part computed using 
the present model in Table 14 and 15with experimental data 
 105 
CHAPTER V. PHASE SELECTION AND 
MICROSTRUCTURE FORMATION IN 
DIRCTIONAL SOLIDIFICATION OF 
PD77.5SI16.5CU6 GLASS FORMING 
Y. Huo1,2, S. Zhou2, R. Napolitano1,2* 
1 Department of Materials Science and Engineering, Iowa State University, Ames, IA 
50011, USA 
2 Materials Science and Engineering, Ames Laboratory, US DOE, IA 50011-3020, USA 
Abstract 
Glass forming alloy, Pd77.5Si16.5Cu6, is directional solidified with velocities ranging from 
0.005mm/s to 7.5mm/s by Bridgman-type furnace. Phases and microstructure at 
different samples are characterized by scanning electron microscope, electron probe 
microscope analysis and X-ray diffraction. The experimental results show that Pd3Si 
phase leads the solidification with Pd9Si2 phase as secondary phase at low growth rates, 
as predicted by Scheil solidification model. Eutectic regions with different 
microstructures are observed due to the different nucleation undercooling required for 
the formation of secondary Pd9Si2 phase at different growth rates. At high growth rates, 
Pd9Si2 phases with spiral form are observed as primary phase instead of Pd3Si phase. At 
last, the crystallization can’t happen and the glass transition is observed for the 
                                                
* Corresponding author: Materials Science and Engineering, 2200 Hoover Hall, Iowa State University, 
Ames, IA 50011, USA. Tel: +1 515 294 9101; fax: +1 515 294 4291; email: ralphn@iastate.edu. 
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directional solidification velocities larger than 4.5mm/s, giving arise to microstructure-
less samples.  
Keywords: Pd77.5Si16.5Cu6 glass forming alloy, directional solidification, solidification 
pathway, spiral form growth, the glass transition. 
1. Introduction 
For solidification in metal, solidified phases and microstructures depend on the 
cooling rates. At low cooling rates, the system is closed to equilibrium state where 
solidified phases can be predicted from thermodynamic modeling and the microstructure 
formation is well studied[1]. With increasing of cooling rates, the system deviates from 
equilibrium giving rise to non-equilibrium phases and compositions, and 
microstructures. How the solidification pathway is selected under different condition, 
especially at high cooling rates, is an attractive question in materials science.  
Bridgman-type directional solidification is a well-modeled experimental method to 
study solidification. When an alloy solidifies in a Bridgman-type furnace, the furnaces 
pulling velocities determine the position of alloy’s solid/liquid interface in a temperature 
gradient, which may give rise to different departures from equilibrium during 
solidification. Despite this advantage, the maximum cooling rate realized by Bridgman-
type directional solidification cannot reach the critical cooling rate for the formation of 
non-equilibrium effects, especially the formation of glass phase, for most metallic 
systems. However, a unique feature for Pd-Si-Cu ternary system is that the transition 
from crystalline phases to glass phase has been observed in this system by Bridgman-
type directional solidification[2, 3]. In Boettinger’s paper[3], five alloys are selected for 
directional solidification by quenching the thin alloy-filled quartz tubes (0.65mm ID * 
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1.5mm OD *100mm long) in the axial direction from a furnace at 1327K into liquid Ga 
with velocities ranging from 0.25mm/s to 50mm/s. At slow growth rates, Pd79Si17Cu4 
forms dendrites of Pd3Si phase followed by facetted dendrites of Pd9Si2 phase directly 
from melt. The interdendritic liquid consists of Pd9Si2 and B2 phases. On the other hand, 
Pd76Si15Cu9 is devoid of any primary crystalline phase and consists of a eutectic of 
Pd9Si2 and B2 phases. Pd76Si15Cu9 consists of dendrites of B2 phase and a eutectic of 
Pd9Si2 and B2 phases. These results show good agreement with the phase diagram 
proposed recently. For alloy with composition of Pd77.5Si16.5Cu6, the following changes 
in microstructures and phases occur at increasing growth rates. 1) The dendrites of Pd3Si 
phase with a eutectic of Pd9Si2 and B2 phase forms. 2) The dendrites of Pd3Si phase 
disappear leaving a structure fully composed of eutectics. 3) The eutectic structure, often 
of a complicated morphology, became more refined until a sharp interface is formed 
during the acceleration mode that separates the eutectic from glassy phase. In addition, 
the total eutectic structures aren’t observed in Pd79Si17Cu4 and Pd78Si20.5Cu1.5. 
Pd76Si15Cu9 alloy behaves quite differently with increasing of growth rates. The eutectic 
microstructure became more refined with increasing of velocities until 2.5mm/s, the 
structure converts to a mixture of glass phase and ~25micro diameter crystalline phases. 
The Boettinger’s results are summarized in Figure 5-1. Hence, we can take advantage of 
the fact that Bridgeman-type directional solidification can provide a wide range of 
solidification condition from near-equilibrium to far-from-equilibrium, even the glass 
transition, for Pd-Si-Cu system, to learn how the phase selection and microstructure 
formation under different solidification conditions. 
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In this paper, we focus on Pd77.5Si16.5Cu6, the best glass former in Pd-Si-Cu ternary 
system, to conduct directional solidification by Bridgman-type furnace. Various growth 
velocities ranging from 0.02mm/s to 7.5mm/s are utilized to produce different 
solidification conditions. The solidified phases and microstructures are characterized by 
Scanning Electron Microscope (SEM), Electron Probe Microscope Analysis (EPMA), 
and X-Ray Diffraction (XRD). 
2. Experiments  
Heavy-wall quartz tubes with inner diameter of 0.6mm are filled with Pd77.5Si16.5Cu6 
alloy by capillary effect. The length of alloys in quartz tubes is around 200mm. The 
heavy-wall quartz tubes are used to avoid quartz tubes being break during the cooling of 
the alloys in them.  
Directional solidification is conducted by moving the heavy-wall quartz tube filled 
with alloy into cooling liquid from a furnace at 1327K in three stages: firstly, the quartz 
tube is place in the furnace. The end of the tube with alloy is sealed by torr-seal and put 
into cooling liquid, while the other end is open to Argon protection atmosphere with 
positive pressure. Samples are hold in furnace at 1327K for at least 90 minutes to 
stabilize the solid/liquid interface in temperature gradient between the furnace and 
cooling liquid; secondly, the furnace is moved with velocities range from 0.02mm/s to 
7.5mm/s. When the furnace is moved, the solid/liquid interface of alloy is also moved 
with the furnace, giving arise to the formation of different phases and microstructures; 
thirdly, after the furnace is moved by 100mm, the samples are quenched into cooling 
liquid by rapidly increasing the velocity of the furnace to 10mm/s. 
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The microstructures in cross sections of samples prepared at different growth rates 
are characterized by SEM in back-scatter mode working at 15kV and 10mA. The 
compositions of phases are measured using EPMA equipped with wave-disperse spectra 
(15kV, 10mA). The 3 micro spot size is use in EPMA to measure the average 
compositions of eutectic regions in samples. XRD with Co-Kα radiation working at 
45kV and 40mA is used to confirm if glass phase in Pd77.5Si16.5Cu6 is obtained by 
directional solidification. 
3. Experiment Results  
The different cross sections for directional solidified parts at the same growth velocity 
have similar microstructures, which indicates the microstructure evolutions during the 
process of directional solidification in all samples reach steady state, and the solidified 
phases in these samples are stable at corresponding growth rates. The backscatter images 
for the cross sections of the samples at velocities of 0.005mm/s (S1), 0.02mm/s (S2), 
0.05mm/s (S3), and 0.1mm/s (S4) are shown in Figure 5-2. The gray phases are primary 
crystallization phases for these four samples. The compositions of the gray phases in all 
four samples measured by EPMA is Pd75Si25, the stoichiometric of Pd3Si phase, without 
obvious deviation, indicating that Pd3Si phase form first from liquid for these four 
growth rates. The light phases with spiral or rectangle form have compositions closed to 
Pd9Si2 phase with 0.1-0.2 atomic percent of copper. In addition to gray and light phases, 
eutectic regions are also observed in Figure 5-2. Only one type of eutectic region is 
found in S1, while two different eutectic regions are found in S2-4: one with coarse 
microstructure and the other one with fine microstructure, as labeled in Figure 5-2. It’s 
worth to note that fine eutectic regions are always together with Pd3Si phase, and the 
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composition of coarse eutectic has higher Cu and lower Pd than that of fine eutectic, as 
list in Table 18. The different compositions for fine and coarse eutectic are related to the 
different solidification pathway selected during cooling, which will be discussed in next 
section. In addition, the eutectic regions in S1 are three-phase couple growth including 
Pd9Si2, B2 and bcc phases, which is agree with the invariant eutectics in Pd-rich part 
proposed recently as liquid=Pd9Si2+B2+bcc[4]. On the other hand, both coarse and fine 
eutectic regions in the other three samples consist of Pd9Si2 and B2 phases. Phases are 
determined from qualitative composition measurement by EPMA since Pd9Si2, bcc and 
B2 phases have obvious difference in compositions. The further proof from crystal 
structure for B2 and bcc phases[5] will be undertook by TEM in next work. This 
observation indicates that the growth mode for this eutectic transition to two-phase 
couple growth from three-phase couple growth once the growth rate changes from 
0.005mm/s to 0.02mm/s. 
Figure 5-3 shows the backscatter images for the samples directional solidified at 
velocities of 0.2mm/s (S5) and 0.3mm/s (S6). The samples are separated into two parts 
with different microstructures, as the dot-lines shown in Figure 5-3(a) and (b). One of 
them is bulk Pd3Si phase with fine eutectic, and the other one is spiral Pd9Si2 phase with 
coarse eutectic. Figure 5-3(c) shows three different cross sections along the growth 
direction, showing that the fractions of each microstructure change during the advance 
of solid/liquid interface. This result indicates that both Pd3Si phase with fine eutectic and 
spiral Pd9Si2 phase with coarse eutectic are stable at this velocity range and they are 
competitive with each other during growth, giving rise to an oscillatory interface 
between two microstructures. 
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 Once the growth rates are larger than 0.4mm/s, the microstructure of spiral Pd9Si2 
phase with coarse eutectic dominates the whole samples and Pd3Si phase disappears, as 
Figure 5-4 shown. It’s indicated that nucleation and growth of Pd3Si phase is 
suppressed, and a different solidification pathway is selected at high growth rates. It’s 
noted that both completed and partial spiral forms for Pd9Si2 phase are observed in cross 
sections. The hypothesis growth model for such spirals will be proposed in next section. 
With increasing of the directional solidification velocities, the microstructure spacing 
becomes finer.  Figure 5-5(a-f) shows that the samples obtained at growth rates of 
2mm/s, 3mm/s, and 4mm/s still crystallize during cooling, although the microstructure 
features in these samples are too fine to be observed clearly by backscatter imaging. No 
contrast is observed in the backscatter images of the samples with directional 
solidification velocities of 4.5mm/s, 4.5mm/s, and 7.5mm/s. The broad diffraction peaks 
without any sharp peak corresponding to crystalline phase in XRD patterns, as shown in 
figure 6g, for these samples indicates that the crystallization is avoid and the glass phase 
is achieve in these samples by directional solidification.     
4. Discussion 
4.1 Solidification pathway in S1-S9 
According to the experimental results shown in last section, solidified phases and the 
compositions of eutectic regions in samples solidified at different growth rates are 
different. The compositions of eutectic regions correspond to the compositions of last 
liquid that solidifies after the crystallization of primary or secondary phases. Thus, the 
experimental results shown in last section indicate that the different solidification 
pathways are selected in these samples. To understand how the solidification pathways 
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are selected from low growth rates to high growth rates, we start with thermodynamic 
simulated solidification pathway by two different models: equilibrium solidification and 
Scheil Solidification. For equilibrium solidification, the diffusion in both liquid and 
solid phases is infinite, so the equilibrium can be maintained at each temperature step 
during cooling. Figure 5-6(a) shows the fractions of liquid phases vs. temperature. The 
equilibrium solidification pathway is described as following: Pd3Si phase crystallizes 
first from liquid at 817°C and Pd3Si phase continues to form from liquid from 817°C to 
763°C; between 763°C and 748°C, liquid is equilibrium with Pd3Si and Pd9Si2 phase; 
when the temperature decreases to 748°C, the liquid composition arrives at invariant 
perietecitics, L+Pd3Si=Pd9Si2+B2; after all Pd3Si phase is consumed, liquid enters the 
tie-triangle of Pd9Si2, B2, and liquid phases; at last, last liquid transforms to solid phase 
through eutectic reaction, L=Pd9Si2+B2+bcc, at 745°C. The solidification path 
described above is superimposed in liquid projection, as shown in figure 5-6(b).  
On the other hand, for Scheil solidification, the diffusion in liquid phase is still 
infinite as equilibrium solidification, but the diffusion in solid phases is treated as zero. 
The relationship between liquid composition and fraction is given as , 
where Cl is liquid composition, fl is liquid fraction, C0 is initial composition, and k is 
partition coefficient. The solidification pathway under Scheil condition can be simulated 
by Thermo-calc software, and the results are shown in Figure 5-6(c) and (d). Pd3Si phase 
also forms from liquid at 817°C. When temperature deceases to 766°C, Pd9Si2 phase 
forms form liquid, and the solidification ends at 745°C as a two-phase eutectic of bcc 
and Pd9Si2 phases. The solidification pathway predicted by Scheil condition is closed to 
those observed in samples prepared at very low growth rate, such as S1, expect that 
Cl =C0 ( fl )k−1
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solidification ends in S1 as three-phase couple growth eutectics rather than a two-phase 
eutectic of bcc and Pd9Si2 phases. That’s possible since diffusion in liquid is finite in 
experiments rather than infinite in Schiel model.  
In experimental condition of Bridgman-type directional solidification, Pd3Si phase 
can growth from the initial interface where Pd3Si phase is equilibrium with liquid when 
solidification begins, but Pd9Si2 phase need undercooling to nucleate from liquid. This 
undercooling is small at low growth rates but is large at high growth rates. The difficulty 
of nucleation for Pd9Si2 phase at high growth rates leads to different solidification 
pathways from that predicted from Scheil model. The formation of fine and coarse 
eutectic regions in S2-S4 is due to this reason. The liquid composition during 
solidification without Pd9Si2 phase is calculated by Scheil model and superimposed in 
figure 5-6(d), and the diagram in which the mole fractions of liquid phase are plot vs. 
temperature with and without Pd9Si2 phase is shown in Figure 5-6(e) to illustrate 
solidification pathway in such condition. When temperature decreases to Tp, liquid still 
moves along the liquidius calculated without Pd9Si2 phase (brown line) before 
nucleation of Pd9Si2 phase. Once Pd9Si2 phase nucleates, liquid will jump to the 
liquidius of Pd9Si2 phase (blue line) and move alone this liquidius until Te. At last 
solidification ends in the couple zone as eutectics, which gives rise to the formation of 
coarse eutectic region in S1-S4. On other hand, liquid could move along the brown line 
until it enters the couple zone if nucleation of Pd9Si2 phase is suppressed at high growth 
rates, which leads to the formation of fine eutectic regions in S2-S6. In fact, because 
nucleation of Pd9Si2 phase depends on several factors, both coarse and fine eutectic 
region could form in the same sample, as observed in S2-S4. The proposed model 
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described above is supported by two facts. Firstly, the Scheil simulated results showing 
that coarse eutectic regions are richer in Cu than fine eutectic regions agree with the 
composition measurement list in Table 18. Secondly, the formation of Pd9Si2 phase as 
perietectic phase is forbidden and only Pd3Si phase with fine eutectic regions are 
observed at high growth rates, such as S5 and S6, indicating liquid can move along the 
liquidius of Pd3Si phase all way to couple zone at high growth rates. Although Pd9Si2 
phases still exist in S5 and S6, they are primary phases rather than perietectic phase, as 
stated below.  
There are two different microstructures coexisting in S5 and S6: Pd3Si phase with 
fine eutectic regions and spiral Pd9Si2 phase with coarse eutectic. They compete with 
each other, giving rise to an oscillatory interface through the samples. At higher growth 
rates, only spiral Pd9Si2 phase with coarse eutectic is all over the samples, indicating it 
wins the competition. Although Pd3Si phase exist at initial interface at the beginning of 
directional solidification, Pd9Si2 phases could lead the solidification rather than Pd3Si 
phase, as observed in S7-S9, if liquid are undercooled below Tp’ at high growth rates. 
Such solidification pathway is illustrated by the purple line in Figure 5-6(f). If the liquid 
could be further undercooled, it will reach the limitation for crystallization giving rise to 
the formation of glass phase. A total eutectic microstructure might form at the growth 
rates less than that for glass formation, which is expected to exist in S11 or S12.  
4.2 Growth model for spiral Pd9Si2 phase 
In directional solidification of Pd77.5Si16.5Cu6 alloys, Pd9Si2 phase with spiral form 
solidifies as peritectic phase at low growth rates or as primary phase at high growth rates. 
Growth spirals have been found in both single-phase region and two-phase region. 
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Single-phase spirals have been observed in solidification and electro-deposition 
processes[6, 7]. Frank[8, 9] proposed that dislocations play a role of nucleation sites to 
explain single-phase spiral growth, as schematic diagram shown in figure 5-7(a). Such 
single-phase spiral is always several microns since their formation is atomic scale. On 
the other hand, eutectic spirals have been reported in metal systems[10], such as Mg-Zn 
and Al-Zn, and ceramic system[11], such as BaNb2O6-SrNb2O6. The eutectic spirals 
tend to be macro-size (around hundreds micro compared to several micro for single-
phase spiral). Fullman and Wood[10] proposed that the formation of eutectic spiral 
attributes to the different growth rates of two couple growth phases in which the faster 
growing phase has very a high growth rate in certain direction. Two couple growth 
phases nucleate and growth at cross section at early stage. Because one of the couple 
growth phases has a high growth rate in certain direction, this phase will exceed the 
other phase. Liquid ahead of the slow growing phase is more undercooled with respect 
to the fast growth phase than is the liquid ahead of the fast growing phase, since two 
couple growing phases reject solute during growth. Hence the fast growing phase tends 
to grow around and isolate the other phase, giving rise to eutectic spirals at cross section. 
At the same time, the solid/liquid interface also moves perpendicular to these eutectic 
spirals. Finally, three-dimension spiral microstructures are obtained, as schematic 
diagram shown in Figure 5-7(b).  
Although the Pd9Si2 phase spirals observed in this work are still in a single-phase 
growth region, they are different from the single-phase spirals reported in literature with 
two respects: macro-size and surround by eutectics. In fact, the Pd9Si2 phase spirals are 
similar as eutectic spirals, except that Pd9Si2 phase leads the solidification as peritectic 
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phase or primary phase rather than couple grows with the other phase. Hence we believe 
that growth model for the Pd9Si2 phase spirals should be closed to that proposed by 
Fullman and Wood[10]. However, some important feature for such Pd9Si2 phase spirals 
should be noted, as shown in Figure 5-7c. Firstly, the spirals always have nearly 90° 
turn, which are related to the crystallography of Pd9Si2 phase since it has an 
orthorhombic crystal structure. Secondly, spiral turns could be left-hand or right-hand, 
even in the same spiral, as Area I shown in Figure 5-7(c). Thirdly, all the spirals in 
Figure 5-7(c) are not completed. In addition, as Area II shown, one spiral is overlap by 
another one. Hence, these observations indicate that the Pd9Si2 phase spirals have very 
complicated three-dimension structure. We believe that the growth direction for Pd9Si2 
phase are determined by two vectors. One is normal to the cross section, which 
originates from the moving of the furnace. The other one is parallel with the cross 
section, which is similar as that described for eutectic spirals. However, for eutectic 
spirals, the growth rates for couple growth phases in normal direction is closed, while 
Pd9Si2 phase leads the solidification and leaves the liquid behind in our situation. In 
addition, the Pd9Si2 phase spirals could be growing from outer edge to center, or in 
opposite way. A future detailed work addressing the three-dimension growth model for 
the Pd9Si2 phase spirals will be done through serial sections polishing in future work. 
5. Conclusion 
Several Pd77.5Si16.5Cu6 glass forming alloys are directional solidified by Bridgman-type 
furnace with velocities from 0.005mm/s to 7.5mm/s. Through charactering samples by 
SEM, EPMA and XRD, several conclusions are made as following: 
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1) For the S1, the solidification pathway is similar as that predicted by Scheil model. 
The solidification ends as three-phase couples growth as predicted by equilibrium 
solidification; 
2) For S2-S4, in addition to primary Pd3Si phase and perietectic Pd9Si2 phase are 
observed, two different eutectic regions are found. The formation of coarse eutectic 
is similar as Scheil model simulates but with B2 and Pd9Si2 phases couple growth. 
The fine eutectic regions form because the nucleation of Pd9Si2 phase is suppressed 
at high growth rates;  
3) For S5 and S6, two different microstructures are competitive with each other. For 
first of them, the Pd3Si phase is primary phase and liquid is undercooled until it 
enters the couple zone of B2 and Pd9Si2 phases to form fine eutectic without 
formation of peritectic Pd9Si2 phases. Once the liquid can be undercooling below 
peritectic temperature, Pd9Si2 phases would lead the solidification to form the other 
microstructure, where Pd3Si phase is not stable; 
4) For S7-S9, spiral Pd9Si2 phase with eutectic is observed all over the samples. The 
spacing changes with growth rates. The Spiral growth form for Pd9Si2 phase is 
discussed in the paper; 
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5) The microstructures in S10-S11 become too fine to be observed by back-scatter 
imaging but they are all crystallized. Once the directional solidification velocity is 
larger than 4.5mm/s, the crystallization cannot happen in Pd77.5Si16.5Cu6, and glass 
phase is obtained. 
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Table 16: Summary of directional solidification results at different velocities 
Velocity Label Microstructure 
Composition 
Pd Si Cu 
0.005mm/s S1 
Primary phase-Pd3Si 75.22/0.04 24.78/0.04 0.00/0.00 
Peritectic phase-Pd9Si2 81.68/0.02 18.25/0.02 0.07/0.04 
Eutectic 76.94/0.33 15.56/0.25 7.50/0.50 
0.020mm/s S2 
Primary phase-Pd3Si 75.09/0.04 24.91/0.04 0.00/0.00 
Peritectic phase-Pd9Si2 81.50/0.04 18.33/0.04 0.17/0.02 
Coarse eutectic 77.33/0.13 15.670.12 7.00/0.21 
Fine eutectic 77.25/0.19 15.950.07 6.80/0.23 
0.050mm/s S3 
Primary phase-Pd3Si 74.95/0.05 25.05/0.05 0.00/0.00 
Peritectic phase-Pd9Si2 81.38/0.04 18.48/0.04 0.14/0.04 
Coarse eutectic 77.30/0.14 15.09/0.11 7.61/0.24 
Fine eutectic 77.74/0.13 15.82/0.04 6.44/0.13 
0.100mm/s S4 
Primary phase-Pd3Si 74.93/0.02 25.07/0.02 0.00/0.00 
Peritectic phase-Pd9Si2 81.23/0.01 18.54/0.00 0.23/0.01 
Coarse eutectic 77.37/0.11 15.27/0.08 7.36/0.18 
Fine eutectic 77.93/0.06 15.78/0.14 6.28/0.07 
0.200mm/s S5 
Primary phase-Pd3Si 75.09/0.02 24.91/0.02 0.00/0.00 
Peritectic phase-Pd9Si2 81.27/0.04 18.42/0.02 0.31/0.02 
Coares eutectic 77.54/0.13 15.35/0.08 7.11/0.20 
Fine eutectic 78.43/0.07 15.69/0.13 5.89/0.20 
0.300mm/s S6 
Primary phase-Pd3Si 75.17/0.03 24.83/0.03 0.00/0.00 
Peritectic phase-Pd9Si2 81.25/0.05 18.40/0.03 0.36/0.04 
Coarse eutectic 77.45/0.14 15.39/0.06 7.16/0.20 
Fine eutectic 78.12/0.04 15.62/0.03 6.27/0.04 
0.400mm/s S7 
Primary phase-Pd9Si2 80.95/0.04 18.43/0.03 0.62/0.03 
Eutectic 75.54/0.15 15.25/0.17 9.21.0.8 
0.500mm/s S8 
Primary phase-Pd9Si2 80.88/0.04 18.40/0.03 0.72/0.02 
Eutectic 75.41/0.29 15.20/0.09 9.39/0.37 
1mm/s S9 
Primary phase-Pd9Si2 80.75/0.04 18.34/0.04 0.91/0.07 
Eutectic 75.70/0.16 15.54/0.09 8.76/0.25 
2mm/s S10 Fine microstructure - - - 
3mm/s S11 Fine microstructure - - - 
4mm/s S12 Fine microstructure - - - 
4.5mm/s S13 Amorphous - - - 
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Figure 5-1: (a) the summary of Boettinger’s directional solidification results; (b) liquid 
surface reported recently, superimposed with Boettinger’s directional solidification 
composition. 
 121 
 
 
Figure 5-2: (a)-(d) backscatter imaging for directional solidification samples) solidified 
at 0.005mm/s, 0.02mm/s, 0.05mm/s, and 0.1mm/s, respectively, showing that Pd3Si 
(dark) phase is the primary phase, Pd9Si2 (light) phase is peritectic phase, and 
solidifications end as different eutectic regions. The insert image in figure 2(a) showing 
that the eutectic regions are of B2, bcc, and Pd9Si2 three-phase couple growth. 
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Figure 5-3: (a) and (b), backscatter imaging for directional solidification samples 
solidified at 0.2mm/s and 0.3mm/s, respectively, showing the samples consist of two 
different microstructures; (c), backscatter imaging for different cross sections along the 
growth direction for 0.2mm/s sample, showing two different microstructures are both 
stable and competitive with each other giving rise to an oscillatory interface. 
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Figure 5-4: Backscatter imaging for directional solidification samples solidified at 
different velocities showing spiral Pd9Si2 phase leads the solidification 
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Figure 5-5: (a)-(c) backscatter imaging for directional solidification solidified at 2mm/s, 
3mm/s, and 4mm/s showing that these samples have very fine microstructures but still 
crystallized; (d) backscatter images for directional solidification solidified at 4.5mm/s 
showing a microstructure-less sample; (e) XRD pattern for directional solidification 
solidified at 4.5mm/s, 5.5mm/s, and 7.5mm/s showing the glass phase is obtained once 
directional solidification velocity is larger than 4.5mm/s 
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Figure 5-6: (a) and (b), mole fraction of liquid vs. temperature for equilibrium 
solidification and liquid composition for equilibrium solidification with liquid surface, 
showing equilibrium solidification pathway; (c) and (d) mole fraction of liquid vs. 
temperature for Scheil solidification and liquid composition for Sceeil solidification with 
liquid surface, showing solidification pathway at Scheil condition; (e) Schematic 
diagram for the formation of different eutectic regions observed in experiments; (f) 
Schematic diagram for the formation of primary Pd9Si2 phase. 
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Figure 5-7: (a) Schematic diagram and image for growth spiral in copper electron-
deposit showing the formation of single-phase spirals proposed by (b) Schematic 
diagram and images for Zn-Mg eutectic spiral showing the formation of eutectic spirals; 
(c) The backscatter image of directional 0.4mm/s solidification sample with two label 
areas showing the microstructure feature of Pd9Si2 phase spirals. 
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CHAPTER VI. GENERAL CONCLUSION  
To understand the phase selection and microstructure formation under different 
solidification condition, we choose Pd-Si-Cu system for Bridgeman-type directional 
solidification, since this experimental method provides a wide solidification condition 
range from near-equilibrium to glass formation for Pd-Si-Cu system. 
We start with developing a comprehensive thermodynamic description for this 
ternary system. As a constituent system, we firstly re-examine the phase stabilities for 
Pd-Si binary system to clarify the ambiguities reported in literatures. Both first-principle 
calculation and experiments indicate that Pd5Si, Pd9Si2, Pd3Si, and Pd2Si phases are 
stable all way to 0K while PdSi phase is a high temperature stable phase. Other 
intermetallic phases including Pd21Si4, Pd14Si3, and Pd15Si4 phase are not observed in 
experiment and are not considered as stable phase. Both experimental data and first-
principle calculation are taken into account for parameter fitting in thermodynamic 
modeling, and the resulting phase diagram over the whole range of composition is 
reported.  
Secondly, crystal structures for the compounds with ternary compositions in Pd-Si-
Cu system are investigated by principal component analysis, first-principle approach, 
and experiments. It’s shown that Cu-Pd B2 phase can extend into ternary system with 
addition of Si since Pd-Si B2 structure is metastable with a large negative enthalpy of 
formation calculated by first-principle approach. In addition to be a high temperature 
stable phase in Cu-Si binary system, bcc phase is proved to be stable in Pd-rich part in 
ternary system by TEM dark-field imaging. This conclusion is further supported by 
theatrical calculation that indicates that the enthalpies of formation of bcc phase for 
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composition of Cu50Pd50, Cu25Pd75, Pd50Si50, and Pd75Si25 are all negative, and 
experimental observation that bcc phase can form during rapid solidification of Pd-Si 
alloys. 
Finally, extensive experimental data including phase equilibria and phase transition 
is measured for development of a general thermodynamic description for Pd-Si-Cu 
system. In addition to the experimental data, the parameter fitting also incorporates first-
principle calculation to arise the reliability of the thermodynamic modeling. The 
resulting phase diagrams including isothermal sections, isopleths, and liquid surface are 
present. Two invariant phase transitions in Pd-rich part are worth to note: a eutectic 
transition is liquid=Pd9Si2+B2+bcc and a peritectic transition is 
liquid+Pd3Si=Pd9Si2+B2. 
Phase selection and microstructure formation in Pd77.5Si16.5Cu6 alloys were 
investigated using a gradient stage Bridgeman-type directional solidification technique. 
Experimental conditions included gradient translation velocities (pulling velocies) from 
0.005 to 7.5 mm/s and a thermal gradient of 20 K/mm. When the growth velocities are 
small than 0.1mm/s, Pd3Si phase solidifies as primary phase and Pd9Si2 phase solidifies 
as peritectic phase. Two different eutectic structures form from different solidification 
pathways. The eutectic regions with coarse structure form after the crystallization of 
secondary Pd9Si2 phase while the fine eutectic regions form if liquid is undercooled into 
couple-zone without the nucleation of Pd9Si2 phase. Once the growth velocities are 
larger than 0.4mm/s, instead of Pd3Si phase, Pd9Si2 phase with a spiral form leads the 
solidification. For the growth velocities between 0.1mm/s and 0.4mm/s, both Pd3Si and 
Pd9Si2 phase could be the primary phase, so the sample solidified in this growth velocity 
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region has two different microstructures. At last, crystallization for this composition 
cannot proceed once the directional solidification velocity reaches at 4.5mm/s and glass 
phase is obtained.     
Finally, it is worthwhile to note that a total eutectic microstructure without any 
primary phase is observed before the glass transition in Boettinger’s work. In addition, 
the transition to the glass phase is observed to be from a lamellae eutectic structure in 
laser beam melted Pd-Si-Cu alloys. For our directional solidification experiments, the 
microstructures and phases in the samples with growth velocities between 1mm/s and 
4.5mm/s are still unsolved. We expect a complete eutectic structure exist in these 
samples. We will figure out them by TEM in future. 
